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AN ABSTRACT OF THE THESIS

Zeinab Mohammad Kawtharani for  Master of Science
Major: Biochemistry

Title: The antitumor effect of the atypical retinoid ST1926 in human glioblastoma
Abstract

Background: Glioblastoma Multiforme (GBM) is the most aggressive form of
malignant brain tumors. It accounts for 70% of newly diagnosed malignant primary
brain tumors in adults. The current standard therapy comprises surgical resection with
adjuvant radiotherapy, followed by the administration of Temozolomide, an alkylating
chemotherapeutic agent. Despite the available therapies, the median survival rate does
not exceed two years, since patients tend to relapse and eventually develop resistance.
Tumor heterogeneity and the restrictive nature of the blood-brain barrier (BBB) are
major obstacles faced in GBM management. Therefore, there is an eminent need to
develop more adapted and efficient treatments. Natural and synthetic retinoids have
been investigated in several cancer types and showed promising antitumor effects
through the regulation of proliferation, differentiation, and apoptosis. Synthetic
retinoids offered an enhanced specificity and reduced the toxicity of their natural
counterparts. The atypical adamantyl synthetic retinoid ST1926 induces apoptosis and
growth inhibition in different cancer types at sub-micromolar concentrations
independently of retinoid receptor signaling pathway. We have recently found that
ST1926 is an inhibitor of the catalytic subunit of DNA polymerase alpha (POLA1L)
which is involved in DNA synthesis initiation. Our in silico analysis revealed elevated
levels of POLAL expression in glioblastoma tumor tissues versus normal counterparts.
This suggests POLAL1 as a relevant and attractive target for ST1926 in GBM.

Aims: We investigated the antitumor activities and the mechanism of action of
ST1926 on a panel of human GBM cell lines. In addition, we tested the therapeutic
properties of ST1926 using a mouse GBM xenograft model.

Methods: Experiments were conducted both in vitro and in vivo to explore the
efficacy of ST1926 as a potential therapeutic agent against human GBM. Several human
GBM cell lines of different p53 status were used in this study namely U87TMG (WT
p53), U251 (mutated p53), U118 (mutated p53), and A172 (WT p53) cells. We
measured cell viability assays by MTT and SRB, flow cytometry by propidium iodide
staining of DNA, and apoptosis by TUNEL assay. Western blot were performed to
study the mechanism of action of ST1926 on GBM cell extract. We finally investigated
the effect of ST1926 in a xenografted mouse model of human glioblastoma cells.

Results: ST1926 reduced cell viability in all tested human GBM cell lines with
ICs0 values at sub-micromolar levels. ST1926 induced early DNA damage and reduction
of POLAL protein levels. Flow cytometry results of ST1926-treated GBM cells showed
that ST1926 exhibited G1 phase cell cycle arrest and sub-G; cell accumulation. ST1926
induced apoptosis was further confirmed by PARP cleavage and TUNEL. ST1926
reduced tumor volume in a GBM xenograft model. Experiments are still in progress to

vii



optimize the therapeutic properties of ST1926 in a xenograft model and to elucidate its
mechanism of action by proteomic analysis of treated GBM cell extracts.

Conclusion: ST1926 showed favorable preclinical efficacy and thus is worth to
be tested in GBM orthotopic animal models.

viii



CONTENTS

Page

ACKNOWLEDGEMENTS ..., Y%

ABSTRACT ... Vi

LIST OF ILLUSTRATIONS ......ovvmrriirieieeiieeseessessesses s X

LIST OF ABBREVIATIONS ..o Xii

Chapter

l. INTRODUCTION

0% 13 (1] TR T PP PTR PP UPRPPRPTN 1

= JR =] o SR 4

1. Anatomy Of the Brain ... 4

2. Types of Brain CellS .........ccooiiiiiiiiece e 7

3. BloO-BraiN-BarTilr........ccociiiiiiiiiiaieieiesie e 9

(ORI = -1 O Uy Tor=] S 11

D 2 €] [T o] F= T (0] 1 - OSSPSR 13

1. Symptoms, Diagnosis and Treatment ...........coovverieieiene e, 15

2. Molecular Genetics of GliobIaStOMA .........ccooiiiiiiicieeee e 17

a. Isocitrate Dehydrogenase Family ..........cccooeviiiiiienenc i, 19

b. O-6 Methylguanine DNA Methyl Transferase ..........cccocvvvnieniiiinninnnnn, 22

C. Receptor TYrosSing KINASES ........cccoceririiiiinieiieieie s 23

d. Epidermal Growth Factor ReCeptor.........cccoviviiiiciie i 24

e. Platelet-Derived Growth Factor ReCEptor ..........ccccvvveeviieiiieevieerieeinns 25

f. Glioma-CpGisland Methylator Phenotype ..........cccevveiiiiiiciiecciecn, 25

0. TUMON Protein P53 ..ot 26

h. L0SSES 0N CAIOMOSOIMES .....cveeueiiiiiiiieiesiee sttt 27

I. Cyclin-Dependent Kinase Inhibitor 2A ... 27



J. Polymerase AIPha ..o 28

3. Glioblastoma SUDLYPES ........cveiiiiiis e 30
E. RELINOIAS ....ocviiiieiecie et sttt e be e nreas 33
1. Signaling Pathway Of RetiNOIAS. .........cccouieiieriiin e 34
2. Retin0ids and CaNCEN ........ccceiieiiiiesiee e 37
3. Natural and Synthetic RetinOIds ...........cccoeueiiriinii e 38
4. Retinoids and Glioblastoma..........ccccovveiiiiiiini e 44
5. The Adamantly Retinoid ST1926.........ccccceviiirieiieiiene e 45
1. OBJECTIVE, SPECIFIC AIMS, AND SIGNIFICANCE
I1l. MATERIALS AND METHODS
A. In Vitro Human GBM MOEIS ..........ccccoiieiiiiiiie e 50
L. Cell CUIUIE. ..ot 50
2. Cell Growth ConditioNS .........ccovieiirierieiesese e 52
3. Cell Preparation for EXperiment ..........ccccoceieeieeieiie s 53
4. Preparation 0f STL1926........cccoiieiiiiieiicie e 53
B. Cell VIaDIItY.....ccviiiicieciece et are s 53
1. Trypan BIUE ASSAY .......ccccccveiieiiiiieieeiie ettt 53
2. IMTT ASSAY .itiiiiiiieiiie ettt e et e st e e be e e anbe e e anbeaens 54
3. Sulforhodaming B ASSAY ........cccceevieiieiieieieeie e 55
C. In Silico Evaluation of POLAL LEVEIS ........ccceiiiiiiiiiiceeee e 56
D. Cell CYCIE ANAIYSIS ....ocveeieeiecie ittt nre s 57
1. Seeding and Collecting Cells .........ccooveiiiiiiiiicce e 57
2. Cell Staining and Reading ........cccceveiiirieiiieieseee e 57
E. TUNEL ASSAY ... ettt ittt ettt ettt e e e anes 58
F. Protein Profiling .....cocoiiiiiiee st 59
1. WeStern BIOtHING ....c.ooovviiiiiic e 59
a. Seeding and Collecting Cells ........ccocoeiiiiiiiiiii e, 59
D. Protein EXIraCtion .......cccoooeiiiiiiiiniiecse e 60
C. Gel EIeCtrOphOreSIS ....ccvveiiiiiieeiece e 61
d. Transfer to Nitrocellulose Membranes .........ccccccovviiiiiiiiieiieneen, 62
e. Probing with AntibOdIes ..o, 63



2. PIOEOIMICS .ot e e e e e e e et eaeeeeeans 64

G. Invivo Xenograft Tumor Mouse MOdEl ..........ccccuevveieiiiiice e 64
1. MOUSE MOGEI ..o 64
2. Xenograft TUMOr ProCEAUIE .........ccvevvveiiiie e 65
H. IMAQGE PrOCESSING .....civiiiieiiiieiieite ettt 65
I, SEAtIStICAl ANAIYSIS.....eoeiiiieiitiie s 66

V. RESULTS

A. Effect of ST1926 at Various Concentrations on GBM Cell Viability ............... 68
B. Elevated POLAL Expression Levels in GBM .........ccccoceviiiiiievccccece e 71
C. ST1926 treatment of GBM Cells Induces Sub-G1 Accumulation and G0/G1
AATTEST ettt e ae e enes 72
D. ST1926 Induces Apoptosis in GBM Cell LiNes ..........cccceveveneneiininieecee, 74
E. ST1926 Promotes PARP Cleavage Along with DNA Damage..........c.ccccoeveneen. 77
F. ST1926 Induces Early DNA Damage in GBM Cell Lines..........cc.ccocvvvvvvinennne. 78
G. ST1926 Decreases POLAL Levels in GBM in VItro........ccocoveveiiiiineiecicenn, 79
H. ST1926 Suppresses Tumor Growth in GBM xenografts............cccooevveiiiienen, 80

V. DISCUSSION

A, FULUIE PEISPECLIVES .....cveeiietieieietete ettt sens 88
B. LIMITALIONS ..ottt as 90
C. CONCIUSION........ceieiiiiiee ettt 91

Xi



ILLUSTRATIONS

Figure Page
1. The hallmarks of CanCer 2
2. Emerging hallmarks and enabling characteristics_____ . 3
3. llustration of the brain structures 4
4. Lobes of the brain with different functions . 6
5. Neurons and other brain cells 7

6. A schematic diagram of the cerebral endothelial cells together with tight junctions
form the restricted blood-brain-barrier and their association with brain cells 9

7. The restrictive nature of the BBB allows passage of some molecular compounds

through specific routes of transport 10
8. GOl OMa 13
9. Symptoms of glioblastoma. 15
10. Summary of detected genetic alterations that contributeto GBM 19

11. Putative mechanisms of isocitrate dehydrogenase (IDH) mutation in glioma
tumorigenesis 22

12. Secondary structure of DNA polymerase alpha catalytic subunit (POLA1) 29

13. Retinoid signaling pathway during development 36
14, Natural retinOIaS 39
15, Synthetic retinOigS 42
16. ST1926, a potent CD437 analogue 46
17. ST1926 reduces POLAL protein levels in colorectal cancercells. . 47
18. U251 and U7TMG ol

xii



19

20

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

. Growth inhibition mediated by ST1926 on human GBM cell lines__ 68

. ST1926 effect on U251 obtained by trypan blue exclusionassay 70
ST1926 effect on U251 obtained by SRBassay 70
Morphology and confluency of cells 71
.Elevated POLAL levels in GBM tissues compared to normal brain tissues___72
ST1926 treatment induces GO/G1 arrest and sub-G1 accumulation in U251 73
ST1926 induces GO/G1 arrest and sub-G1 accumulation in U87TMG 74
ST1926 induces apoptosis in U251 and US7TMG_ 76
ST1926 promotes PARP cleavage with increased y-H2AX levels in GBM
COIlS 77
ST1926 causes early DNA damage in human GBM cancercells 78
ST1926 reduces POLAL1 protein levels in GBM cell lines_ 79
ST1926 delays tumor growth in GBM xenograft NSG mouse model 80
Schematic description of the biomimetic invitroBBB . 88
Scheme over the procedure of the orthotopic xenograft model 90
Summary of the mechanism of action of ST1926 inGBM 92

xiii



Table

TABLES

Page
Gene MUtAtIONS 52
Preparation of protein reference standard concentrations of BSA 61
Detailed information about the used antibodies . 62
The full name of antibodies used in western blot with the detection
MATKOT 63
Groups of NSG mice used in the experiment 65

Timeline of the in vivo experiment in NSG xenografted GBM models____ 67

A summary of the ICso of ST1926 in different GBM cell lines obtained
from MTT at 24 and 48 hours 69

Xiv



ABBREVIATIONS

uM micromolar

2-HG 2-hydroxyglutarate

5-hmc 5-hydroxymethyl cytosine

9c-RA 9-cis retinoic acid

APL Acute promyelocytic leukemia

ATRA all-trans retinoic acid

BBB Blood Brain Barrier

CD437 6-[3-(1-adamantyl)-4-hydroxyphenyl] -2-naphthalene
carboxylic acid

CDKN2A Cyclin- dependent kinase inhibitor A

CNS Central Nervous System

CRC Colorectal cancer

CSF Cerebospinal fluid

DMSO dimethylsulfoxide

DNA deoxyribonucleic acid

DSB double-strand break

EDTA ethylene-diamineteraacetic acid

EGFR Epidermal growth factor receptor

FBS fetal bovine serum

FLAIR Fluid-attenuated inversion recovery

GAPDH glyceraldehyde-3-phosphate dehydrogenase

GBM Glioblastoma Multoforme

XV



G-CIMP

H&E

HIF-1a

HPR

IDH

LOH

MAP

MGMT
MRI
NADPH

oD

PAGE

PARP

PBS

PDGFRA

Pl

PML
POLA1L
PTEN
RA

RAR

RAR

RARE

Glioma- CpG island methylator phenotype

hour

Hematoxylin and Eosin
Hypoxia inducible factor
N-(4-hydroxyphenyl) retinamide

Isocitrate dehydrogenase
Loss of heterozygosity

mitogen-activated protein

0O-6-methyl guanine DNA methyl transferase
Magnetic resonance imaging
Nicotinamide adenine dinucleotide phosphate

optical density

polyacrylamide gel electrophoresis
Poly (ADP-ribose) polymerase
phosphate-buffered saline

Platelet- derived growth factor alpha

propidium iodide

Promyelocytic leukemia

DNA Polymerase alpha
Phosphatase and tensin homolog
Retinoic acid

retinoic acid receptor

Retinoic acid receptor

retinoic acid response element

XVi



RNR
RTK
RXR

RXR

SD

SDS

SEM

ST1926

TCGA
T™™Z
TUNEL
VEGF
WHO

o-KG

Retinoic nuclear receptor
Receptor tyrosine kinase
retinoic X receptor

retinoid X receptor

standard deviation

sodium dodecyl sulfate

standard error of the mean

E-4-(4’-hydroxy-3’-adamanty! biphenyl-4-yl) acrylic acid

The Cancer Genome Atlas
Temozolomide

dUTP nick end labeling

Vascular endothelial growth factor
World Health Organization

a-ketoglutarate

XVii



CHAPTER |

INTRODUCTION

A. Cancer

Cancer is one of the most spreading diseases and the second leading cause of
morbidity and mortality after cardiovascular diseases worldwide (WHO 2018).
Alarmingly increasing incidence in the 21% century is probably due to changing
lifestyle, habits, increased life expectancy and constant exposure to cancer causing
agents so called carcinogens. All cancer types share a common phenotype: abnormal
cell growth. It all starts by a genome alteration that may occur at multiple sites, either as
point mutations or as changes in chromosome complement (Kinzler 1996).
Accumulation of mutations in proto-oncogenes and tumor-suppressor genes
(McCormick 1999) override the normal mechanisms for cellular proliferation leading to
progressive conversion from normalcy into malignancy (Hahn 1999). Another force
shaping the cancer genome is the evolutionary selection whereby one group of cells
within the tumor overgrows the other cells. These selected cells have phenotypic traits
that give advantage for the growth of the tumor. For example, cells with low metabolic
demand grow faster than cells with high metabolic demand in a nutrient-poor
microenvironment (Graham 2017). Mutations in these favored cells are more frequent in
the tumor population, leading to creation of mass of cells that eventually form the
primary tumor (Pozo 2007). Most solid cancers have to reach 1 cm in size or comprise 1
million cells in order to be detected as mass of cells or tumor, unless it is detected
accidently earlier by a laboratory test or radiological routine test (Roy P 2016). Beside

gene mutations, epigenetic alterations including DNA methylation, histone



modifications, chromatin structure, and non-coding RNAs are other causes of
deregulated gene expression leading to cancer progression (Regine Schneider-Stock
2012).

Cancer acquires six core biological capabilities during its multistep development
(Figure 1). These hallmarks described by Hanahan (Hanahan 2000) include sustaining
proliferative signaling, evading growth suppressors, resisting cell death, inducing
angiogenesis, enabling replicative immortality as well as activating invasion and

metastasis to the rest of the body.

Sustaining proliferative
signaling

Resisting Evading growth
cell death suppressors

Inducing Activating invasion
angiogenesis and metastasis

Enabling replicative
immortality

Figure 1. The hallmarks of cancer, originally described by (Hanahan 2000). Illustration
adopted from (Hanahan 2011).



An increasing body of research in cancer allowed two additional emerging
hallmarks to be involved in the pathogenesis of probably most cancers: the capability of
regulating cellular metabolism and deregulating cellular energetics in order to
effectively support neoplastic proliferation, and the ability to avoid immunological
destruction mainly by T and B lymphocytes, macrophages, and natural killer cells
(Figure 2). Both core and emerging hallmarks facilitate two additional consequential
characteristics: the genomic instability and altering the innate immunity. Genomic
instability indicates mutability, allowing genetic alterations in cancer cells that drive
tumor progression. Altering innate immunity is achieved by turning the innate immune
cells that normally fight infections and heal wounds to instead inadvertent support the
multiple hallmark capabilities, thereby both characteristics promote tumor growth

(Hanahan 2011).

Emerging Hallmarks

Deregulating cellular Avoiding immune
energetics destruction

Genome instability Tumor-promoting
and mutation Inflammation

Enabling Characteristics

Figure 2. Emerging hallmarks and enabling characteristics (Hanahan 2011)



B. Brain

B.1. Anatomy of the Brain:

The brain is the most important and complex organ in the human body located in the
head. It is a mass of nerve tissues containing over 100 billion nerve cells that
communicate together through synapses. Together with the spinal cord, the brain

constitutes the central nervous system (CNS).

Pituitary gland

Reticular activating
system

Medulla

Figure 3. lllustration of the brain structures by (Oscar-Berman 1997).

The brain is composed of three major parts, the cerebrum, cerebellum, and
brainstem (Tonya Hines 2018) (Figure 3). The cerebellum is located under the cerebrum
at the base of the brain. It is responsible for maintaining posture, balance, and
coordination of muscle movements. The brainstem connects the brain to the spinal cord.
It controls involuntary functions such as heart rate, body temperature, sleep cycle,

digestion, and breathing.



The largest component of the brain is the cerebrum which is divided into two
hemispheres, left and right, also called left and right brain, connected through a bundle
of fibers called corpus callosum. Each hemisphere controls functions on the opposite
side of the body. These hemispheres control higher functions like emotions, learning,
vision, hearing, interpreting touch, as well as speech, reasoning, and fine control of
movement. The cerebrum contains 70 billion neurons. It has distinct fissures that divide
the brain into several lobes: frontal, temporal, parietal, and occipital. Each lobe is
further divided into areas that serve very specific functions. These functions are result of
complex relationships between the different lobes of the brain and the right and left
hemispheres:

e The frontal lobe is responsible for body movement, personality including
behavior and emotions, speech (Broca’s area), as well as intelligence counting
concentration, judgement and problem solving (Figure 4).

e The temporal lobe manages memory, hearing, sequencing, organization and
understanding language (Wernicke’s area) (Figure 4).

e The parietal lobe serves for sensation of touch, pain and temperature. It manages
interpretation of words, signals from sensory inputs (vision and hearing), as well

as memory (Figure 4).



e The occipital lobe contains brain’s visual processing system for interpretation of

light, color, and movement (Figure 4).

Central
sulcus

Precentral

Pain

Visceral sensation
Consciousness

Emotion and empathy
Cardiovascular homeostasis

sulcus

Figure 4. Lobes of the brain with different functions adopted from "Anatomy &
physiology: the unity of form and function.” 9th edition (2020), chapter 14, figure 13
(Saladin 2020).

The outer layer of the cerebrum is called the cortex. It has folds that appear as hills
and valleys called gyri and sulci, respectively. These foldings allow more neurons to fit
inside the skull and enable higher functions. The cortex contains around 16 billion
neurons referred to as the grey matter interconnected to other brain areas by long nerve
axon fibers called white matter. This organization allows the cortex to be considered as

the origin of thinking and voluntary movements (Rea 2016).



B.2. Types of brain cells

The CNS is made up of mainly two basic cell types; the neurons and the neuroglia
(Rea 2016). Neurons, key players in the CNS, consist of three basic parts: the cell body,
the axon and the dendrite (Figure 5). The nucleus is found within the cell body and
contains the cell’s genetic material, therefore, it controls all cell activities. The neurons
are electrically excitable and thus act as information messengers. Using electrical
impulses and chemical signals called neurotransmitters, the neurons transmit
information from one neuron to another connecting the brain with the complete nervous
system. Transmission occurs along protoplasmic fibers that form a long tail extending
from the cell body to the terminal bud called the axon. These neurotransmitters are then
released across the synapse, a tiny space between the axons and dendrites of adjacent
neurons. The dendrites that look like branches of a tree forming extensive networks
around the cell body are responsible for receiving afferent messages from connecting

neurons.

Neurons

Capillary

Astrocyte Oligodendrocyte

Perivascular feet Myelinated axon

Ependymal cell — ‘
-

Cerebrospinal fluid v 9

Myelin (cut)

Figure 5. Neurons and other brain cells adopted from "Anatomy & physiology: the
unity of form and function.” 9th edition (2020), chapter 14, figure 13 (Saladin, 2020)


https://en.wikipedia.org/wiki/Protoplasm

Neuroglia, also called glia or glial cells, are the most abundant cell type in the CNS.
They perform essential functions including structural support, metabolic and nutrient
support, maintenance of homeostasis, insulation, and guidance of development for the
neurons. Neuroglia is subdivided into two broad classifications: microglia and
macroglia. Microglias are found throughout the CNS and have a defense role as
phagocytic cells. They are capable of altering their shapes in order to engulf particulate
material and thus protect the CNS (Figure 5). On the other hand, the macroglias are
subdivided into several types including astrocytes, oligodendrocytes, ependymal cells,
Schwann cells, radial glial, enteric glia, and satellite cells, where each have a special
role (Figure 5). These cells serve in the CNS and the peripheral nervous system (PNS),
with different roles to maintain functional and proper signal transmission within
different brain parts and between the brain and the whole body. The most abundant glial
cells in the brain are the astrocytes. They account for 25% of the total brain volume
(Guillamon-Vivancos 2015). Astrocytes are distinguished by their star-like shape and
known to provide structural integrity by filling the spaces between the neurons (Rea
2016). These cells surround the cerebral capillaries through astrocytic end feet. Through
this close apposition to the blood vessels, astrocytes control metabolic exchange

between the neurons and the vasculature.



B.3. Blood-Brain-Barrier

The brain is protected by different elements that provide defense against
physical injury: a 7 mm thick skull, a protective fluid called cerebrospinal fluid (CSF)
that surrounds the brain and spine, and a protective membrane called the meninges. To
accomplish proper neuronal function, blood vessels are critical to deliver oxygen and
nutrients to the brain as well as to all tissues and organs throughout the body (Daneman
2015). However, these may also bring a serious threat to the brain. Thus, blood vessels
that vascularize the CNS possess unique properties, providing protecting element
against disease-causing pathogens and toxins that may be present in the blood.
Endothelial cells that line the microvessels in the brain are interconnected by highly
extensive tight junctions and adherent junctions, thus exhibiting highly regulated

movement of ions, molecules, and cells between the blood and the brain (Figure 6).

Astrocyte Tight junction

endfoot

‘ Tightjunction

_____________________________________ — BL1

Pericyte

Basal lamina

Microglia Astrocyte

Figure 6. A schematic diagram of the cerebral endothelial cells together with
tight junctions form the restricted blood-brain-barrier and their association

with brain cells (Abbott 2010).
This configuration decreases endocytosis and transcytosis activities when

compared to peripheral endothelial cells (Shi 2016). This barrier is called the blood-

brain barrier (BBB) and provides a highly controlled microenvironment required for



neuronal signaling (Abbott 2010). BBB restricts most water-soluble molecules from
crossing into the brain. Only small gaseous molecules such as O, and CO, and few
small lipid-soluble agents, such as ethanol, which are smaller than 400 Da and/or
contain less than eight pairs of hydrogen bonds, can passively diffuse through the
regulated lipophilic membranes (Abbott 2006). Specific transport routes offer transport
of nutrients and other compounds (Figure 7). Therefore, in case of any drug discovery

either to target or to avoid the CNS, the special features of the BBB must be considered.

a i'b € 1 d e
Paracellular aqueous | Transcellular | Transport proteins | Receptor-mediated | Adsorptive
pathway | Uipophilic H | transcytosls | transcytosls
otz | | |
Water-solubl ! ; 1 Glucose, Vinca alkaloids, ! Insulin, 1t Albumin, other
ag&:ﬁ;so R E :p;:;oluble E amino acids, CyclosporinA, E transferrin E plasma proteins
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Figure 7. The restrictive nature of the BBB allows passage of some
molecular compounds through specific routes of transport. (Abbott 2006)
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C. Brain Cancers

A brain tumor, known also as intracranial tumor, is an abnormal growth of cells
forming a mass of tissues in the brain or central spine that can disrupt proper brain
function. WHO classified brain tumor based on the origin and the behavior of the
identified cells. The location and the growth rate of the tumor determine its impact on
the function of the nervous system. According to the National Brain Tumor Society,
there are over 120 types of tumors in the brain and the CNS arranged from the least
(benign) to the most (malignant) aggressive. There are mainly categorized into four
types; benign, malignant, primary, and secondary or metastatic.

Benign tumor is the least aggressive and initiates from non-cancerous cells
within or surrounding the brain. These tumors are characterized by their slow growth
with clear borders without spreading to the adjacent tissues. Depending on their size and
location, they can cause pressure on brain structures in the nearby which results in
significant neurological symptoms. They can also grow asymptomatically and can be
removed without recurrence. Unluckily, some benign tumors may progress into
malignancy (Deanna Glass-Macenka 2013). On the other hand, malignant brain tumors
contain cancer cells with rapid and invasive growth to adjacent areas of the brain and
the spine. Thus, these tumors do not have borders, have to be surgically resected and
need to be treated with radio- and/or chemotherapy. Unfortunately, these tumors often
recur after treatment.

Primary brain tumors are tumors that originated in the cells of the brain. These
tumors are among the top ten causes of cancer-related death in the US (Mawson 2012).
The World Health Organization (WHO) classified primary brain tumors based on their

histopathologic criteria and immunohistochemical data (Allen Perkins 2016). They are
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mainly categorized after the type of cell they originate from or where they first develop
in the brain. Astrocytoma, for example, is formed from astrocytes. Primary tumors are
subdivided into two groups: glial tumors and non-glial tumors. Glial tumors are
composed of glial cells and consist of one-third of all primary brain tumors (National
Brain Tumor Society). About 80% of malignant brain tumors are gliomas that develop
from glial cells (Goodenberger 2012). Gliomas tend to be fast growing, diffusely
invasive, poorly understood, and highly resistant to treatment. Thus gliomas are the
most deadly type of primary brain tumors (Wion 2018). To this group belong
ependymomas, astrocytomas of which glioblastoma multiforme (GBM) is the most
common, oligodendrogliomas, and mixed gliomas, such as oligoastrocytomas that
contain cells from different types of glia (Mawson 2012). Gliomas are further
categorized according to their grade: low-grade gliomas (WHO grade Il) are non-
anaplastic and well differentiated, and high-grade gliomas (WHO grade 111-1V), which
are anaplastic, undifferentiated, and have poor prognosis.

The other group of primary brain tumors is non-glial tumors that developed from
nerves, blood vessels or glands. About 50% of primary brain tumors are benign lesions
that can be treated and have relatively good prognosis (Laws 1993). However, primary
brain tumors may spread to other areas in the CNS, but rarely to other organs.

Secondary or metastatic brain tumors are tumors that start in other parts of the
body and metastasize to the brain. These tumors are named and treated after the location
in which they originated. Melanoma, lung, and breast cancers are responsible for three-
quarters of brain metastasis. Secondary tumors are more common than primary brain

tumors (Jaime Gallego Pérez-Larraya 2014).
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D. Glioblastoma

Among gliomas, glioblastoma or glioblastoma multiforme (GBM) is the most
frequent and aggressive form of malignant brain tumors. GBM comprises about
45.2% of malignant primary brain and CNS tumors, 54% of all gliomas and 16% of
all primary brain tumors (Thakkar 2014, Davis 2016). According to the WHO, GBM
is classified as Grade IV Glioma, or also called Grade IV Astrocytoma (Louis 2007).
Biologically, GBM originates from astrocytes. It occurs most often in the cerebral
hemispheres mainly in the frontal and temporal lobes of the brain (Figure 8). It is
fast-growing and invasive tumor that grows along white matter tracts into the healthy
brain parenchyma. Single tumor cells can be traced in other areas of the brain far
away from the radiologically visible tumor mass (Giese 2003), giving rise to regular
tumor relapses after therapy. GBM is distinguished from other gliomas by several
histological features, such as the presence of necrotic cells and increase of abnormal

growth of blood vessels around the tumor (Niederhuber 2020).
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In 80% to 90% of cases, GBM arise de novo as grade 1V glioma, without any
traces of lower grade precursors (Ohgaki 2007). This type is called primary GBM and
often occurs in elderly patients with a mean age of 62 years. It can also evolve as
secondary GBM from lower grade gliomas such as astrocytomas or oligodendrogliomas
and occur in younger patients with a mean age of 45 years (Thakkar 2014). Although
they are histologically indistinguishable, primary GBM is more aggressive while
secondary GBM is associated with better prognosis.

Glioblastoma is 1.6 times more common in men than women, and slightly
higher in Caucasians relative to other ethnicities (Ellor 2014, Brem 2017). The
incidence of glioblastoma increases with age, the lowest incidence being among people
from 0 to 19 years old and the highest among those older than 75 years old (Brem

2017).
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Figure 9. Symptoms of glioblastoma.

D.1. Symptoms, Diagnosis and Treatment:

General symptoms associated with glioblastoma are the same as for different
brain tumors. However, specific symptoms depend on the location and the size of the
tumor in the brain. These include severe headaches that get worse in the morning and
may awaken the patient at night. In addition, patients may suffer from seizures or
convulsions, difficulty in thinking, speaking or articulating, personality changes,
weakness or paralysis in one side of the body, loss of balance or dizziness, facial
numbness or tingling, vision and hearing changes, confusion and disorientation, nausea
or vomiting, and swallowing difficulties (Figure 9).

Persistent headaches, vomiting, swelling or protrusion of the blind spot at the
back of the eye that may be caused by increased pressure inside the skull, or signs of
mental dysfunction and seizures, all are neurological signs that need to be evaluated by

a neurologist. Examinations may include magnetic resonance imaging (MRI) scan,
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Fluid-attenuated inversion recovery (FLAIR), computed tomography (CT) scan to
detect the presence of tumor inside the brain or the spine. A chest X-ray may also be
used to determine if there is any sign of a tumor metastasis. Other symptoms that may
affect vision or hearing may require specialized tests to be done. Examination of CSF
may be performed if results of other tests are not conclusive. Recently, several artificial
intelligence methods have been applied in glioma diagnosis. Computer-assisted
diagnosis (CAD) is a procedure that digitizes the tumor and directs the attention of the
physician to a change in volume, using several MRI scans and segmentation FLAIR
sequence to follow up the progress of a glioma (De Nunzio 2019). All these
configurations are used to examine brain tumors in order to early detect the tumor and
improve the outcomes.

Many challenges face glioblastoma treatments due to several characteristics such
as localization of the tumor in the brain, limited response to therapy, inherent resistance
to conventional therapy and neurotoxicity resulted by treatments. In addition, migration
of malignant cells into adjacent brain areas due to tumor capillary leakage, resulted in
an accumulation of fluid around the tumor and disrupted tumor blood supply thus
inhibited effective drug delivery. All that beside the limited capacity of the brain to
repair itself, result in limited response to treatment and deteriorate the survival chances.

Glioblastoma has one of the poorest survival rates of all other malignant brain
tumors and contributes to mortality and morbidity. Patients with glioblastoma invariably
relapse despite multimodal standard therapy that combine maximal safe surgical
resection, adjuvant radiochemotherapy, followed by monochemotherapy with the
alkylating agent temozolomide (TMZ) (Kratzsch 2018). The survival period after

diagnosis and treatment ranges between one and five years with a median survival rate
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around 15 months (Chen 2020). This rate varies significantly by age at diagnosis where
younger patients tend to have the best overall survival (Brem 2017). New therapy
approaches aim to prolong survival and overcome therapy resistance. Immunotherapy
has recently been applied to treat glioblastoma, by altering the functional immune
response to attack the tumor and extend survival in patients, as this modality has
demonstrated remarkable improvements in the management of several solid tumors.
Such treatments include programmed cell death receptor-1 (PD-1) inhibitors (Zhao
2019) and anti-cytotoxic T-lymphocyte-associated protein 4 (CTLA-4). Immunotherapy
has been tried as single therapy and in combination by using immune checkpoint
therapies and vaccine therapy such as chimeric antigen receptor T cells (CAR T)

(Medikonda 2020).

D.2. Molecular Genetics of Glioblastoma:

GBM is an extremely heterogeneous tumor characterized by high degree of
inter- and intra-tumoral heterogeneity and thus can be composed of different cell lines
and genetic subsets. This means that the two types of glioblastoma, primary and
secondary GBM, differ at the genetic and epigenetic level. The National Cancer
Institute and the National Human Genome Research Institute in the United States of
America launched a comprehensive project in 2005 called The Cancer Genome Atlas
(TCGA). This project aimed to improve the understanding of the molecular basis of
cancer by mapping the major cancer-causing somatic alterations in large cohorts of
human tumors through integrated multi-dimensional genomic sequence, transcriptome,
and epigenome analyses. The first cancer type studied by the TCGA was glioblastoma.

TCGA GBM Analysis Working Group (AWG) constructed a detailed somatic
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landscape of GBM through a series of comprehensive genomic, epigenomic,
transcriptomic, and proteomic analysis to distinguish between different types of GBM.
Further sequencing projects revealed more about somatic changes in well-known GBM
genes.

Such distinguishable features are mainly mutations in isocitrate dehydrogenase
(IDH), loss of heterozygosity (LOH) 10q, receptor tyrosine kinase (RTK), epidermal
growth factor receptor (EGFR) amplification, O-6 methylguanine DNA
methyltransferase MGMT status, cyclin-dependent kinase inhibitor 2A (CDKN2A),
glioma-CpG island methylator phenotype (G-CIMP), phosphatase and tensin homolog
(PTEN), platelet-derived growth factor receptor alpha (PDGFRA), tumor suppressor

gene p16 and p53, and tumor suppressor gene transcription factor (TP53) (Figure 10).
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Figure 10. Summary of detected genetic alterations that contribute to GBM.
Some of these mutations are found in one type of GBM more than the other.

Because of the heterogeneity of glioblastoma, there is a persistent need to
identify these mutations and their affected downstream pathways in order to design
specific drugs. In addition, suggesting combination therapies targeting multiple
pathways may be a key for more efficient treatments for glioblastoma. This has created
hopes of personalizing therapies for glioblastoma patients (Lau 2014).

D.2.a. Isocitrate Dehydrogenase Family

Isocitrate dehydrogenase (IDH) family consists of three self-regulating enzymes
(IDH1, IDH2, and IDH3). IDHL1 is primarily found in the cytoplasm and in
peroxisomes, whereas IDH2 in the mitochondrial matrix. IDHs catalyze the conversion

of isocitrate into a-ketoglutarate (a-KG), a metabolite with oncogenic activity via
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epigenetic mechanism. This reaction also leads to production of reduced nicotinamide
adenine dinucleotide phosphate NADPH from NADP+ (Figure 11.A). The physiologic
function of the NADP-dependent IDH1/2 enzymes has not been well characterized yet,
but they are thought to play roles in the metabolism of glucose, fatty acids, and
glutamine. They are also functional in protecting cells from harmful reactive oxygen
species (ROS) and contributing to the maintenance of normal cellular redox status.

IDH1 and IDH2 are highly homologous to each other. However IDH1/IDH2 are
structurally, functionally, and evolutionarily distinct from heterotrimeric IDH3 that
functions in the tricarboxylic acid (TCA) cycle to produce the NADH required for
oxidative phosphorylation (Reitman 2010, Cairns 2013, Upadhyay 2017).

Mutations of IDH1 and IDH2 were first reported in 2008 to be found in different
human cancers, most commonly in gliomas. The mutation is frequently found in
arginine residue in the catalytic pocket of the enzyme. In IDH1, the mutated arginine at
codon 132 is often substituted into R132H, R132C, R132L, R132, S and R132G.
Mutation in IDH2 affects the arginine at codon 172 and 140 (Clark 2016). Mutant IDH
loses its normal enzymatic activity and gains a new ability in producing the
oncometabolite 2- hydroxyglutarate (2-HG). 2-HG is a competitive inhibitor of several
a-KG-dependent dioxygenases that occupies the same space in the active site of the
enzyme. These enzymes include histone demethylases and the Ten-eleven translocation
(TET) family of 5-methlycytosine (5mC) hydroxylase that play crucial roles in gene
regulation and tissue homeostasis. IDH1 mutations and the subsequent 2-HG
accumulation are associated with important epigenetic alterations such as increased
histone methylation and decreased hydroxylation of methyl groups on DNA cytosines

(5-hydroxylmethylcytosine (5hmC)). This leads to decreased expression of key
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differentiating enzymes and thus impaired cellular differentiation and promoted tumor
progression (Xu 2011). Elevated levels of 2-HG results in increased levels of hypoxia-
inducible factor subunit (HIF-1a), a transcription factor that facilitates tumor growth in
low oxygen environment and whose stability is regulated by a-KG. Levels of HIF-1a
were found to be elevated in human gliomas harboring mutant IDH1 than in tumors
without the mutation (Zhao 2009, Madala 2018). Consequently, HIF-1a controls genes
promoting cell adaptation to hypoxia, i.e., vascular endothelial growth factor (VEGF)
which is a key mediator of angiogenesis that act through VEGFR2 receptor for the
formation of new blood vessels needed for the growth of the tumor (Figure 11.B).
Clinical reports have noted that GBM has very high HIF-1a expression in 15% of IDH-
mutant tumors compared to 8% tumors without the mutation (Kaminska 2019), and very
high VEGF expression compared with low-grade brain tumor (Cheng 2019). HIF-1a,
and VEGF play pivotal roles in the development, prognosis and response to treatment of
GBM. Therefore, the inhibition of HIF-1a as well as VEGF expression is a crucial
strategy in GBM treatment.

IDH1 was found to be mutated in approximately 12 % of glioblastomas, and in
more than 70% of WHO grade Il and 111 astrocytomas and oligodendrogliomas and in
five of six secondary glioblastomas. Hence, IDH1 is now part of the diagnostic criteria
in brain tumors and
it is a predictor of malignant transformation from lower grade glioma into glioblastoma
(Ngrgxe, Poulsen, & Lassen, 2016). Tumors without mutations in IDH1 often had
mutations in IDH2. GBM patients with tumors that have these mutations have a better

outcome than those with wild-type IDH genes (Yan et al., 2009).
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Figure 11. Putative mechanisms of isocitrate dehydrogenase (IDH) mutation in
glioma tumorigenesis. A, Normal (wild-type) IDH activity. B, Mutant IDH activity
(Nikiforova 2011)

D.2.b.0-6 Methylguanine DNA Methyltransferase (MGMT)

The standard drug used in treating glioblastoma as mentioned previously is the
alkylating agent TMZ. TMZ transfers alkyl groups to guanine bases causing DNA
damage and cell death. Some GBM cells develop resistance against TMZ. Proteomic
screening of these cells revealed that presence of a specific protein determines the
efficiency of the treatment and the sensitivity of the tumor cells towards TMZ. This
protein is O-6 methylguanine DNA methyltransferase (MGMT) which is a DNA repair
protein that removes alkyl groups from the O6 position of guanine in DNA. GBM
tumors with functional MGMT exert cellular resistance to cytotoxic actions of TMZ.

Methylation of MGMT promoter results in silenced MGMT that interferes with DNA
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repair mechanism and thus increases TMZ cellular sensitivity and improves patients”
survival. Unmethylated MGMT promoter leads to active gene expression and high
levels of the repair enzyme that result in chemotherapy resistance. Methylated MGMT
promoter is found in 50% of newly diagnosed GBM, and in 75% of secondary GBM,
hence it is associated with IDH mutation that is more common in secondary GBM
(Thakkar 2014).

MGMT status is a prognostic and predictive marker in GBM tumors that is correlated
with response to therapy. Tumors with methylated MGMT respond better to therapy
including TMZ and radiotherapy, thus shows better overall survival (OS) and better

progression free survival (PFS) (Arrizabalaga 2017).

D.2.c. Receptor Tyrosine Kinases

Receptor Tyrosine Kinases (RTKSs) are cell surface receptors involved in cell-
cell communication and are responsible of a wide range of cellular processes including
cell growth, metabolism, motility, and differentiation. Abnormal RTK activation can
cause many human diseases, most notably, cancers (Du 2018). The oncogenic RTK
signaling is involved in cancer initiation and progression. Different studies showed that
RTKs do not work in isolation but rather cooperate as networks of multiple receptors
through a crosstalk known as “RTK co-activation” (Tan 2017).

Analysis of TCGA dataset revealed the first intra-tumoral heterogeneity in RTK
expression in glioblastoma. These studies showed that RTKSs are altered in
approximately 70% of glioblastomas, of which EGFR is most frequently mutated

(Subramanian Venkatesan 2016). Two-thirds of primary GBM harbor amplifications
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and/or mutations of RTKs. The most commonly altered RTKs are the EGFR (60%) and

Platelet Derived Growth Factor Receptor a (PDGFRA, 10-15%) (Chakravarty 2017).

D.2.d. Epidermal Growth Factor Receptor

EGFR is a trans-membrane tyrosine kinase receptor that modulates, upon
activation, several cellular activities like growth, migration and survival. Different
cancer types including GBM show enhanced activity of EGFR. Amplified EGFR in
tumor leads to stimulation of cell growth, proliferation, migration, and adhesion as well
as inhibition of apoptosis, all that promoting cancer progression.

About 40% of all GBM have amplified EGFR, with a higher prevalence in
primary GBM (Jiang 2018, Le Rhun 2019). Amplification of EGFR in GBM is a strong
predictor of poor prognosis. Several studies suggest a correlation between the presence
of EGFR, p53, and the age of GBM patients . EGFR is highly expressed in older
patients (>45 years) and the presence of p53 is highly expressed in those tumors
(Armocida 2019). Younger patients with amplified EGFR but normal p53 showed poor
prognosis. However, EGFR over-expression in older patients is associated with better
prognosis. Moreover, normal or high amplification of EGFR is correlated with lower

response to TMZ (Simmons 2001, Thakkar 2014).
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D.2.e. Platelet-Derived Growth Factor Receptor

Platelet-Derived Growth Factor Receptor (PDGFR) is a receptor tyrosine Kinase
that promotes cellular events including proliferation, survival, migration, and
differentiation (Ip 2018). Elevated signaling of PDGFR alpha (PDGFRA) through
amplification of PDGFR or its ligand PDGF held by genomic aberrations, contributes
to tumor progression in several tumor types. According to TCGA, amplification of
PDGFRA is a very common event in GBM (12%) (Ip 2018), especially in secondary
GBM (60%) (Mesti 2016). Together with EGFR, PDGFRA are the most common RTK
pairs that is co-phosphorylated and activated in GBM even in the absence of
amplification. Co-amplification of EGFR and PDGFRA loci at the DNA level, has been
observed in approximately 5-7% of GBM (Chakravarty 2017). This event is an early
driver action in gliomagenesis. Subsequently, tumor heterogeneity arises from random

segregation of independent EGFR and PDGFRA in newly divided cells.

D.2.f. Glioma-CpG island Methylator Phenotype

Epigenetic alterations such as cancer specific DNA-methylation play important
roles in cancer progression. The best known epigenetic abnormality is promoter specific
CpG island (CGI) methylation that inhibits expression of protein coding genes, mainly
tumor suppressor genes, and noncoding RNAs (ncRNA) like microRNA (miRNA) that
demonstrated multiple roles in cancer pathogenesis (Kang 2019). TCGA research
network identified a DNA methylation phenotype in glioblastoma called Glioma-CpG
island methylator (G-CIMP), which is strongly associated with IDH mutation and is
present in approximately 10% of secondary GBM and ~5% — 8% in primary GBM

(Thakkar 2014). 2-HG produced by mutated IDH results in G-CIMP+ state. Together
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with IDH1 or IDH2 mutations, G-CIMP phenotype leads to extensive methylation in the
CpG islands of many genetic loci that in turn, down-regulates expression of selected
genes. Furthermore, G-CIMP+ glioblastoma present suppression in mRNA levels for
EGFR and H-Ras, a protein that regulates cell division, resulting in suppressed EGFR

signaling (Li J1 2014).

D.2.g. Tumor Protein p53

Tumor protein p53 is a gatekeeping gene coding for tumor suppressor protein
that consists of transcriptional activation, DNA binding, and oligomerization domains.
This protein induces cell cycle arrest, apoptosis, senescence, DNA repair, or changes in
metabolism in response to diverse cellular stresses. In glioblastoma, 60%-70% of
secondary GBM have a mutant p53, while this mutation is found in only 25%-30% of
primary tumors. This mutation occurs more frequent in younger GBM patients (Thakkar
2014). Total loss of function of p53 results in impaired DNA repair and catastrophic
chromosomal aberrations. Impaired or non-functional p53 in GBM may result in relapse
after radiation therapy (Yang 2020).

Another important phenomenon caused by p53 mutation and found in a variety
of tumors is chromothripsis. The latter occurs when specific genome regions are
shuttered and then stitched together in a single catastrophic event. This mechanism is
taken in advantage to the tumor to arise in a relatively short period of time. This
incidence is found in 39% of GBM, whereas in other tumors it is only around 9%

(Jovcevska 2018).
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D.2.h. Losses on chromosomes

Genetic loss on chromosome 10 occurs in 80-90% of glioblastoma. It occurs
either as loss of the entire chromosome or as loss of only the short or the long arm.
Phosphatase and tensin (PTEN), is the first tumor suppressor gene identified on
chromosome 10 mainly at 10g23. Mutation or deletion of PTEN results from loss of
heterozygosity (LOH) for the PTEN gene on chromosome 10g23 (Thakkar 2014). This
event has diagnostic, therapeutic, and prognostic significance in the management of
many human cancers including 20-40% of glioblastoma. It has been proposed to be
involved in early gliomagenesis and found almost exclusively in primary GBM
(Abdulkareem 2013, Jov¢evska 2018).

Another genetic alteration in GBM is the loss of the short arm of chromosome 1
and the long arm of chromosome 19, named 1p/19q deletions. This deletion is used to

predict the response of patients to chemotherapy (Thakkar 2014).

D.2.i. Cyclin-Dependent Kinase Inhibitor 2A

Cyclin-dependent kinase inhibitor 2A (CDKNZ2A), is a gene that codes for two
proteins p16 and the p14 tumor suppressors that keep cells from dividing and growing
uncontrollably. Primary GBM is associated with p16 deletion that is most frequently
inactivated by copy number deletion and DNA methylation in many cancers (Chen
2019). P16 plays a key role in cell cycle regulation by binding and inhibiting cyclin-
dependent kinases (CdK-4 and -6). Moreover, p16 phosphorylates serine and threonine
residues of retinoblastoma (Rb) protein. Methylation of the p16 promoter region results
in inactivation of p16 and thus uncontrolled cell cycle. This has been reported to vary

between 23% and 67% in primary tumors (Bhatia 2014).
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D.2.J. DNA Polymerase Alpha-Primase

DNA polymerase a-primase complex also called replicases, is a highly
conserved enzyme in eukaryotes responsible for DNA synthesis. It plays an essential
role in nucleic acid metabolism including DNA replication, repair, and recombination,
by using single-stranded DNA as a template for the synthesis of the complementary
DNA strand (Kelman 1998). The complex comprises four distinct subunits; a catalytic
subunit polymerase alpha (POLA1) (Figure 12), a regulatory subunit POLAZ2 and two
primase subunits PRIM1 and PRIM2 (Starokadomskyy 2016). DNA polymerase alpha
complex is recruited to DNA at the replicative forks during S phase of cell cycle (Han
2016). The primases initiate the DNA synthesis by oligomerising RNA:DNA primers
on both leading and lagging strands that are the backbone of Okazaki fragments”
synthesis. This process is continuous on the leading strand and discontinuous on the
lagging strand. Instead, the lagging strand is synthesized as a series of short fragments
(Okazaki fragments) that is held and extended by the catalytic subunit POLA1 (Kelman
1998, Muzi-Falconi 2003).

Polymerases exhibit high processivity of DNA synthesis which means the ability
to polymerize a huge number of nucleotides without dissociating from the DNA
template. However, the amount of replicases in the cell is insufficient and the enzyme
must be recycled to accomplish the replication process. Thus, polymerases act in two
contradictory ways, first by tightly associating with DNA during elongation, and then
rapidly ejected from DNA to associate with another DNA strand in order to synthesize

the next Okazaki fragments (Kelman 1998).
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Figure 12. Secondary structure of DNA polymerase alpha
catalytic subunit (POLAL), adopted from uniprot.org.

POLAL1, the catalytic subunit that drives the whole machinery of the complex
and initiates the replication process, is encoded by POLA1 gene and weighs 180 kDa. It
uses an RNA primer to synthesize the first ~10-20 base pairs of DNA (Han 2016).
However, POLAL has limited processivity which means it is not capable of holding the
substrate throughout a consecutive reaction since it is responsible for the elongation and
the creation of the Okazaki fragments. Moreover, POLA1 lacks 3" exonuclease activity
for proofreading and correcting the replication errors. Therefore, POLA1L is not well
suited for efficient and continuous replication of the entire DNA strand. For these
reasons, two polymerases take over for processive DNA synthesis; polymerase delta
and polymerase epsilon on the lagging and leading strands, respectively.

POLAL is found in all cells, since it is needed in very critical step for cell
proliferation. According to The Human Protein Atlas, analysis of the TCGA dataset
revealed an elevated RNA expression of POLAL in glioblastoma. Antibody staining
showed high protein halt of POLA1 in GBM cell lines (Atlas). Immunohistochemical
staining of POLAL in glioblastoma using mAb against POLAL on human glioblastoma

cell lines showed a percentage of POLAL-positive cells between 72 %- 77 %. In situ
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studies on glioblastoma tissues showed 7.6 % - 45.9 % positive POLA1 staining,
whereas there was no positive staining for POLAL in normal brain tissues. These scores
are correlated with the histological grade of malignancy and the proliferating potential

of cells of the brain tumor (Kunishio 1990, Kunishio 1999).

D.3. Glioblastoma Subtypes:

Based on the TCGA genomic profiling, four subtypes of GBM with common
histological features and distinguishable expression of signature genes were identified,;
proneural (PN), neural, classical, and mesenchymal (MES) (Verhaak 2010, Brennan
2013). However, further studies, refined these into three subtypes: proneural/neural,

mesenchymal, and classical (Wang 2017, Teo 2019).

e The Neural subtype is characterized by the elevated expression of a variety of
neuron markers such as neurofilament, light polypeptide (NEFL), gamma-
aminobutyric acid type A receptor alphal subunit (GABRAL), synaptotagmin 1
(SYTL), and solute carrier family 12 member 5 (SLC12A5) (Ostrom 2016).
However, neural subtype has no unique distinguishing alterations from other
classes, although elevated rates of mutant proto-oncogene receptor tyrosine-
protein kinase v-erb-b2 avian erythroblastic leukemia viral oncogene homolog 2
(ERBB2) were observed (Agnihotri 2014). The expression patterns of the neural
subtype were found to be very similar to those of normal brain tissue specimens
(Verhaak 2010, Eder 2014)

e The proneural subtype is often found in secondary glioblastoma (Ngrgxe 2016)
and was associated with younger age (Eder 2014, Ostrom 2016). It contains

several proneural development genes such as SOX genes as well as DCX, DLL3,
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ASCL1, and TCF. This signature is involved in developmental processes and
was identified as cell cycle and proliferation signature. Moreover, the proneural
signature is characterized with two major features; alterations of PDGFRA either
amplification and/or mutation, in a high rate and point mutations in IDH.
PDGFRA point mutations observed in GBM were in the Ig-domain which
potentially disrupts ligand interaction (Verhaak 2010). Interestingly, proneural
samples that harbor IDH1 mutation were found to lack PDGFR abnormality and
vice versa. Other frequent events that were also found in this subtype are Tp53
mutations and loss of heterozygosity. Chromosome 7 amplification paired with
chromosome 10 loss was found to occur in only 54% of proneural samples
(Verhaak 2010, Ngrgxe 2016).

G-CIMP methylation was found to be highly overrepresented in the
proneural subtype and is tightly associated with IDH mutation. Proneural
subtype with G-CIMP methylation have significantly better outcome with
median overall survival of 150 weeks for patients with G-CIMP-positive
proneural tumor compared to 42 weeks for G-CIMP-negative ones. Therefore,
this subtype trends toward increased survival, whereas MGMT status shows no

difference in response to treatment (Ngrgxe 2016, Ostrom 2016).

The classical subtype is characterized by EGFR amplification, mainly
EGFRvIII mutation that was observed in 97% of the classical and infrequent in
other subtypes. Focal 9p21.3 homozygous deletion that targets CDKN2A which
lead to inactivation of the tumor suppressor RB pathway, loss of PTEN and

distinct lack of Tp53 mutations were also noticed in the subset of classical
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samples sequenced even though Tp53 is the most frequently mutated gene in
glioblastoma. Neural precursor and stem cell marker such as Notch pathways,
Sonic hedgehog, and Nestin, were highly expressed in the classical subtype.
Amplification of chromosome 7 paired with chromosome 10 loss is found in
almost 100% of the classical GBM (Verhaak 2010, Agnihotri 2014). Classical
subtype is associated with better response to treatment (Daniel 2018) especially
tumors with methylated MGMT as compared with non-MGMT-methylated

classical tumors (Ngrgxe 2016).

The mesenchymal subtype displays expression of mesenchymal markers such
as CHI3L1 (also known as YKL40) and MET and mesenchymal and astrocytic
markers (CD44, MERTK). Expression of these markers can cause epithelial-to-
mesenchymal transition. Focal hemizygous deletions of a region at 17g11.2 that
contains the tumor suppressor gene neurofibromin (NF1) which results in lower
NF1 expression levels. Co-mutations of NF1 and PTEN were also observed in
the mesenchymal phenotype, where both intersect with the serine/threonine-
protein kinase (AKT) pathway, which promote survival and tumor growth.
Because of high necrosis and inflammatory infiltrates in the mesenchymal
subtype, genes of the tumor necrosis factor super family pathway and
proinflammatory signaling NF-kB pathway such as TRADD, RELB, TNFRSF1A
were found to be highly expressed in this subtype. MGMT-methylated
mesenchymal tumors tend to show better response to treatment than non-

MGMT-methylated ones (Verhaak 2010, Ngrgxe 2016).
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E. Retinoids:

Retinoids are fat-soluble molecules that are involved in many complex and diverse
physiological processes. Retinoids comprise over 4000 natural and synthetic derivatives
that share similar chemical structure with vitamin A also known as retinol. These
compounds play pivotal roles mainly in epidermal development, cell differentiation, cell
proliferation, apoptosis, and immune responses (Schenk 2014, Chen 2019). Retinoids,
mainly retinoic acid (RA), is a critical regulatory signaling molecule involved in
multiple aspects of mammalian CNS development, including the formation of the
hindbrain, motor neuron axon outgrowth regional and neural patterning during
development patterning and neuronal differentiation (Maden 2007, Chen 2020).
Differentiation of neurons and glia occurs through the activation of the transcription of
genes that encode different transcription factors, cell signaling molecules, structural
proteins, enzymes and cell-surface receptors (Maden 2007). RA is also implicated in
the maintenance of the differentiated state of adult neurons and disruption in RA
signaling in adults leads to a malfunction in the neurons and neuronal degeneration
causing several neurological diseases, including movement disorders, schizophrenia and
motor neuron disease (Maden 2002). Therefore, RA could be used as a therapeutic
agent for the induction of axon regeneration and the treatment of neurodegeneration.

Several studies have shown that retinoids possess antitumor effects and cause tumor
regression mainly by inducing apoptosis or differentiation (Manor 2003, Shi 2017,
Abdel-Samad 2018). Retinoids are used as chemotherapeutics and chemopreventive
agents (Fu 2012) since they inhibit tumorigenesis by suppressing cell growth and

stimulating cell differentiation (Sakoe 2010).
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E.1. Signaling Pathway of Retinoids

Retinoids exert their highly pleiotropic effects through the retinoid nuclear
receptors (RNRs); the retinoic acid receptors (RARs) and retinoid X receptors (RXRs).
These receptors are members of the superfamily of steroid/thyroid hormone nuclear
receptors that function as ligand-inducible transcription factors. There are three
subtypes of each receptor complex; a, B, and y for which there are several isoforms. In
particular, there are four isoforms of RARGa, five of RAR, and two of RARYy (di Masi
2015). Furthermore, each receptor consists of six regions A/B, C, D, E, and F, whereas
the most three important regions are: A/B region with a ligand-independent
transcriptional activation function, C region harbors the DNA binding domain, and E
region harbors the ligand binding domain. The RAR isoforms differ principally in their
N-terminal A region, while the B to F are closely similar. This diversity in isoforms is a
result of alternative splicing or of the use of different promoters upstream of the gene
coding for the receptor. It allows binding of large numbers of both natural and synthetic
RNRs selective ligands, including agonists, antagonists and inverse agonists (Asson-
Batres 2014).

Structural data analysis has classified RNRs ligands by their actions on
coregulator recruitment and dissociation. Ligand binding induces allosteric
conformational changes which promote or repress receptor-coregulator interactions.
Analysis revealed that coactivator recruitment occurs upon binding to an agonist,
dissociation of coactivator upon binding to antagonists, whereas stabilization of receptor
occurs with corepressors upon binding with inverse agonists (Asson-Batres 2014).

The retinoid receptors are activated by the natural active metabolites of retinol;

all-trans retinoic acid (ATRA) that is also simplified as retinoic acid (RA), 13-cis
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retinoic acid (13c-RA), and 9-cis-retinoic acid (9c-RA). ATRA and 13c-RA are pan-
agonists that bind to all RAR isoforms with high efficiency, whereas 9-cisRA can bind
to both RARs and RXRs and activate RAR/RXR heterodimers. After binding to its
ligand, the ligand-activated RAR complex dimerizes with the same type of RAR or
heterodimerizes with RXRs and act as a transcription factor controlling numerous
physiological processes through the regulation of gene expression (di Masi 2015,
Abdel-Samad 2019) including both repression and activation (Asson-Batres 2014).

Upon receptor dimerization, co-repressors are released and the receptor complex
binds to a specific DNA regulator sequence in retinoid-responsive genes, namely the
retinoic acid responsive element (RARE). Subsequently, co-activators and transcription
machinery are recruited to the promoter region, including histone acetyltransferases
(HATs), RNA Polymerase I, transcription factors and other mediator-containing
complexes, to decompress the chromatin and initiate transcription (Asson-Batres 2014,
Schenk 2014). This is called the classical model of RA pathway (Figure 13).

In the non-classical model of RA pathway, RXRs acts as a common
heterodimerization partners for a number of other nuclear receptors including the
thyroid hormone receptor, vitamin D receptor, liver X receptor, farnesoid X receptor,
peroxisome proliferator-activated receptor y(PPARY), and others (Lefebvre 2010). This
converts a linear signaling pathway into a very complex network resulting in diverse
physiological responses including cell proliferation, cell metabolism, inflammation,
blood coagulation, fatty acid transport, biosynthesis, and cell death (Abdel-Samad

2019).

35



Retinoic

acid .
O

r

Retinol

Target gene
transcription
T8

r RDHs Q RALDHs .
s, BALOS

Retinol Retinaldehyde Retinoic

Figure 13. Retinoid signaling pathway during development, (Rhinn 2012)

ATRA also exhibits non-genomic pathway independently of the nuclear receptor
action by modulating several proteins involved in signal transduction in a cell specific
manner. Such actions involve activation of kinase signaling pathways via transcription
factors that is located at the end of these signaling cascades leading to different
transcriptional effects. For instance, in neuronal cells, ATRA activates extracellular-
signal-regulated kinases (Erks) via phosphoinositide 3-kinase (P13K) and steroid
receptor coactivator (Src) kinases leading to repression of the anti-differentiative
octamer-binding transcription factor 4 (Oct4). In epithelial cells and fibroblasts, ATRA
binds to RARa that dimerizes and form complexes and then activate G protein alpha Q
(Gaq) leading to activation of a cascade of mediators and kinases that contribute to

transcriptional activation of RARa target genes (Schenk 2014).
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E.2. Retinoids and Cancer

RA-induced abnormal signaling is involved in many diseases as well as in
several cancers. Proper activity of RARS requires integrity of different mediators in the
signaling pathways. Mutations in any of these mediators may result in defective signal
transduction. Such mutations can affect transcription factors or kinases and thus lead to
deficient phosphorylation and expression of RAR target genes. Several cancers such as
in hepatocellular carcinoma are characterized by amplified or deregulated cytosolic
kinase cascades such as Protein Kinase B (Akt) or MAPKs leading to abnormal RARa
phosphorylation and thus abrogated MAPK pathway. Subsequently, the transcriptional
activity of RARa is suppressed or it can as well be degraded. This aberrant signaling
and RAR/RXR phosphorylation and activity is associated with tumoral growth and RA
resistance (Asson-Batres 2014).

One of the most oncogenic pathways in colorectal cancer (CRC) namely the
Whnt/B-catenin signaling pathway is repressed by the RXRs. RXRa is shown to interact
with B-Catenin which is considered oncogenic in colon tumors, and which activity is
regulated by the tumor suppressor adenomatous polyposis coli (APC). Thus studies
have shown that treatment with RXR agonists leads to the degradation of B-catenin
through an APC-independent mechanism (Dillard 2008). In addition, RXRs are
activated in colonocytes upon treatment with the chemopreventive n-3 polyunsaturated
fatty acids thus inhibiting the colonocytes proliferation (Fan 2003, Abdel-Samad 2019).

The anticancer action of retinoids is mediated by the tumor suppressor activity
of RARp. The expression of RAR results in RA-dependent and -independent growth
arrest and apoptosis (Alvarez 2007). However, RARS is frequently deleted or its

expression is epigenetically silenced during tumorigenesis. This highlights the need of
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developing treatment strategies that overcome ATRA-resistance such as synthesizing
selective RAR[ ligands to restore cell differentiation and growth control (di Masi 2015).
E.3. Natural and Synthetic Retinoids

Vitamin A is an essential dietary lipid for the human body as it is required for a variety
of physiological processes including embryonic development, adult growth and
development, maintenance of immunity, maintenance of epithelial barriers, and vision
(O'Byrne 2013). However, vitamin A cannot be synthesized by any animal species and
is only obtained through diet mostly from plants as pro-vitamin fS-carotene and from
animal tissues as retinyl esters (REs) in the form of retinol. Vitamin A is stored as RES
intracellularly in large quantities, mainly in hepatic cells. However, this form of vitamin
A is biologically inactive and thus is transformed into its bioactive form retinoic acid

(RA) (Schreiber 2012).
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Retinoids comprises both natural (Figure 14) and synthetic (Figure 15) vitamin
A analogues. They are lipophilic isoprenoids composed of a cyclic group and a linear
chain with a hydrophilic end group. These compounds include retinol, retinal, retinoic
acid, retinyl esters and their active derivatives and metabolites (Alizadeh 2014). All-
trans retinoic acid (ATRA), 13-cis retinoic acid (13-cisRA) and 9-cis retinoic acid (9-
cisRA) the active metabolites of retinol, are considered natural retinoids that are known
to modulate cell proliferation, apoptosis, and differentiation in a cellular dependent

manner. ATRA and (9-cisRA) have been shown to be involved in different cellular
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Figure 14. Natural retinoids, (Abdel-Samad 2019)
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aspects such as cell differentiation, morphogenesis, proliferation, and antineoplastic
(Simoni 2005). In particular, ATRA was shown to induce cell cycle arrest at the G;
phase, inhibit cellular proliferation leading to cell death (Siddikuzzaman 2011). First,
ATRA was applied as a cyto-differentiating agent in combination with other drugs in
treatment regimen for patients with acute promyelocytic leukemia (APL) (Breitman
1981). APL is initiated due to the fusion of promyelocytic leukaemia (PML)/retinoic
acid receptor-alpha (RAR-alpha) that is produced as a result of the unique chromosomal
translocation in APL. The (PML/RARa) oncogene blocks the differentiation and
increases self-renewal of leukaemic progenitor cells. The presence of this fusion
oncogene is a marker of sensitivity to ATRA (Tallman 1994, de The 2010). The protein
translated from this oncogene represses RARa and non-RARa target genes and disrupts
PML nuclear bodies leading to immortal proliferation and inhibition of terminal
differentiation. ATRA binds to RAR receptors causing degradation of PML-RARa
protein through the ubiquitin-proteosome and caspase system. This results in restoration
of terminal differentiation of promyelocytes. Moreover, ATRA leads to dissociation of
corepressors from the repressive complex and the recruitment of coactivators to the
complex. Consequently, repression of transcriptional activation of target genes is

relieved resulting in restored differentiation of promyelocytes (Shen 2009).

However, the use of natural retinoids including ATRA was shown to be
associated with adverse effects including teratogenicity, chemical hepatitis, increase in
serum triglycerides, mucocutaneous cytotoxicity, headache, and bone toxicity
(Theodosiou 2010). Moreover, the duration of complete remission induced in ATRA-

treated patients is brief (3-6 months) and patients tend to relapse due to acquired
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resistance to ATRA-mediated differentiation. Drug resistance may be due to attenuation
or mutations in retinoid receptor signaling pathway. All these limitations often hindered
the use of natural retinoids in clinical trials (Abdel-Samad 2019).

In efforts to overcome these obstacles, synthetic retinoids were developed to
enhance selectivity and to reduce toxicity (Figure 15). Among the synthetic retinoids,
isotretinoin, acitretin, tazarotene, and adapalene are ligands of the RAR, bexarotene is
the first rexinoid (ligand of the RXR), and alitretinoin is the first panagonist (RAR+
RXR). The most promising synthetic retinoids with anti-neoplastic activities are the
atypical N-(4-hydroxyphenyl) retinamide (4HPR) (Bernard 1992), 6-[3-(1-adamantyl)-
4-hydroxyphenyl]-2-naphthalene carboxylic acid (CD437) (Fontana 2002), and

ST1926; an analogue of CD437 (Cincinelli 2003).
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Atypical retinoids exert their mechanism of action through a non-classical concept
of ligand-receptor interaction. They act through RARs as well as by non-receptor
mediated growth regulatory or apoptogenic activities. The anti-cancer therapeutic and
chemopreventive potential of atypical retinoids were already supported by preclinical

and clinical data (Cincinelli 2003).
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The early synthetic retinoid that gained much attention especially in breast cancer
chemoprevention clinical trials was N-4-(hydroxyphenyl) retinamide (HPR or
fenretinide). It has also shown to have anti-proliferative effects, inhibited the growth of
RA-resistant human breast carcinoma cells, growth inhibition, and DNA fragmentation
with subsequent apoptosis in both RA sensitive and refractory cell lines (Fontana 2002).
HPR also reduced the proliferation of several human CRC cell lines (Abdel-Samad
2019). Furthermore, HPR was also shown to induce apoptosis in a variety of tumor
types including neuroblastoma. HPR-induced apoptosis is mediated by the up-
regulation of pro-apoptotic factors, followed by cytochrome c release. Caspase
activation and apoptosis are the result of oxidative and endoplasmic reticulum (ER)
stress. Usage of HPR has acquired considerable interest due to its mild toxicity and
favorable pharmacokinetic profile in paediatric patients (Armstrong 2012). Another
synthetic retinoid that is well studied in multiple cancer models including hematologic
and solid tumors is 6-[3-(1-Adamantyl)-4-hydroxyphenyl]-2-naphthalene carboxylic
acid, also known as CD437. It is a selective agonist to RARY, and can bind to RARa
and RARS but with low affinity. It is active in retinoid-resistant cells and retinoid
antagonists cannot block its activity (Cincinelli 2003). CD437 induced G; cell cycle
arrest in human breast carcinoma through enhanced expression of the cyclin/cyclin

dependent kinase complex inhibitor p21VAF/CIPt

that is expressed through a p53-
independent mechanism (Fontana 2002). In addition, DNA damaging effects on CRC
cell lines through inhibition of POLAL at nanomolar concentrations have been induced

upon CDA437 treatment (Han 2016).
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E.4. Retinoids and Glioblastoma

Vitamin A excess and supplementation have been shown to have pro-oxidant
effects and are associated with increased risks of mortality resulted from cancer and
other diseases. The therapeutic effect of vitamin A and retinoids in cancer remain
uncertain. In fact, repeated and/or excessive exposure to endogenous RA may contribute
to tumorigenesis. An imbalance in retinoid receptor expression initiated by
environmental factors, mainly excessive expression of RARa and reduced expression of
RARSp, leads to elevated levels of RA in glia which in turn contributes to glioma
formation. Thus, treatment strategy for gliomas by combining a RARa antagonist and a
RARSP agonist may be beneficial. This hypothesis suggest that RARa antagonist would
be expected to inhibit RARa-induced gliomas, while the RAR agonist would suppress
tumor growth and possibly lead to regeneration of normal glia (Mawson 2012).

In vitro experiments using retinoids for treating glioblastoma-derived cell lines
and primary cells revealed potential therapeutic benefits. Application of RA to human
GBM cell lines or to human glioma cells xenografted in mice, inhibited proliferation
and migration. Moreover, co-application of RA and cytostatic drugs induced cell cycle
repression, differentiation and apoptosis (Choschzick 2014). On the other hand, ATRA
induced proliferation and incomplete differentiation in brain tumor stem cells (Niu
2010), and induce moderate antiproliferative effects on human glioma cell lines upon
long-term exposure at high concentrations (Schmidt 2000). In another study RA
induced differentiation of glioma cells into neurons throughout a multistep mechanism
mainly by acquiring several neuronal differentiation markers and decreasing the
expression of several genes associated with glioma aggressiveness (Wion 2018).

Therefore, data concerning the responsiveness of glioblastoma to retinoids are
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contradictory most probably due to high histopathological, cellular, and molecular
heterogeneity (di Masi 2015). Subsequently the need to prolong survival and overcome
resistance in glioblastoma demands further research to develop effective targeted

molecular therapies against this disease.

E.5. The Adamantyl Retinoid ST1926

A prominent member of synthetic retinoids family is the adamantly retinoid
ST1926 or E-4-(4’-hydroxy-3'-admantyl biphenyl-4-yl) acrylic acid, a CD437 analogue
(Figure 16). ST1926 is synthesized from CD437 through a three-step sequence where
the naphthalene ring in CD437 is substituted by a styrene moiety in ST1926 (Cincinelli
2003). Several studies, including studies from our laboratory showed that ST1926 exerts
potent antitumor activities in both in vitro and in vivo solid tumor models derived from
human ovarian carcinoma, lung carcinoma, rhabdomyosarcoma, and melanoma at well-
tolerated doses, independently of RARs and p53 signaling pathways (Cincinelli 2003,
Zuco 2004, Basma 2016, Abdel-Samad 2018, Karam 2018, Bahmad HF 2019).
Antitumor effect of ST1926 was also demonstrated in vitro and in vivo in leukemia
models for acute myeloid leukemia (AML) (Garattini 2004), adult T-cell leukemia (EI
Hajj 2014), and chronic myeloid leukemia (CML) (Nasr 2015) with minimal side-
effects. ST1926 was shown to induce genotoxic stress and exert its cytotoxic and
antiproliferative effects mainly by causing double-strand breaks (Zuco 2005, Valli
2008). Studies in AML demonstrated a proactive role of proteasome in ST1926-induced
DNA damage and apoptosis (Fratelli 2013). In addition, ST1926 resulted in an
immediate increase in cytosolic calcium that is directly related to apoptosis (Garattini

2004). In comparison to CD437, ST1926 displayed favorable pharmacokinetic profile,
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and can be given orally while achieving micromolar concentrations in human and

mouse plasma (Sala 2009, Basma 2016).

HO 6-[3-(1-adamantyl)-4-hydroxyphenyl]

CD437 -2-naphthaler_1e
carboxylic acid

S$T1926
(£)-3-(4'-hydroxy-3'-adamantylbiphenyl-4-yl) acrylic acid

Figure 16. ST1926, a potent CD437 analogue.

Abdel Samad et. al showed in a study on a panel of human CRC cell lines that

ST1926 induces growth inhibition independently of p53 and p21 status and reduces the

tumor volume as well as the doubling time in a xenograft mouse model. They have also

shown ST1926-induced growth inhibitory effects resulted in apoptosis, S-phase cell-

cycle arrest, dissipation of mitochondrial potential, and early DNA damage. Similarly to

CDA437, ST1926 exert its anti-proliferative effect by inhibition of POLAL activity and

reducing its protein levels (Figure 17) (Abdel-Samad 2018). In a phase I clinical trials

on patients with ovarian carcinoma, ST1926 showed low absorption and extensive
glucuroconjugation which resulted in limited bioavailability, as micromolar

concentrations dropped shortly to submicromolar levels (Sala 2009). Another study
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from our laboratory aimed to develop nanoparticle formulation of ST1926 which
improved its bioavailability and reduced the tumor burden even at four-fold lower the
effective concentration (El-Houjeiri 2017, Abdel-Samad 2019). These findings raise the
hope to consider ST1926 in glioblastoma treatment especially since POLAL is elevated

in glioblastoma tissues versus normal counterparts.
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Figure 17. ST1926 reduces POLAL protein levels in colorectal cancer cells (A)
ST1926 reduces POLAL protein levels in CRC. (B) ST1926 reduces POLAL activity

in CRC, using the /n vitro primer extension assay (Abdel-Samad 2018).

47



CHAPTER II
OBJECTIVE, SPECIFIC AIMS, AND SIGNIFICANCE

GBM is the most aggressive and deadliest form of brain tumors. Despite the
available therapies, GBM presents low survival rates and frequent relapses.
Unfortunately, the tumor cannot be completely eliminated surgically because of its
infiltrative nature. Furthermore, the restrictive nature of the BBB excludes many
chemotherapies (Groothuis 2000, Wang 2014). Although systematic antiproliferative
drugs and other alkylating agents have the ability to cross the BBB, their survival
benefits remain low. Moreover, these compounds confer many side effects and serious
toxicity problems (Lee 2017). Locally delivered drugs can circumvent the BBB and
decrease side effects caused by systemic administration (Perry 2007). However, these
drugs do not increase the survival rate significantly (De Bonis 2012). GBM is known
for its high tumor heterogeneity which is the main cause behind resistance to many
traditional cytotoxic chemotherapeutics. Therefore, there is an eminent need to develop
more adapted and efficient treatments for patients with GBM. Retinoids, both natural
and synthetic, have shown multiple effects in many cancer types through the regulation
of cell proliferation, cell differentiation, and induction of apoptosis (Das 2010, Tang
2011). The complexity of GBM suggests that drugs such as retinoids may provide
significant benefits. Indeed, the use of retinoids in GBM cells has shown inhibition of
neurosphere growth, decreased clonogenicity, and reduced cancer stem cell markers
(Gersey 2019). However, some limitations such as toxicity and non-specificity
hindered the use of natural retinoids in clinical trials (Theodosiou 2010, Abdel-Samad

2019). Thus, synthetic retinoids offer improved selectivity to overcome these
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limitations. The synthetic adamantly retinoid ST1926 has shown antitumor effects in
several cancer types by inducing apoptosis and growth inhibition at sub-micromolar
concentrations independently of retinoid receptor signaling pathway. Recently, we
identified ST1926 as an inhibitor of POLA1 (Abdel-Samad 2018). The latter has been
found to be elevated in GBM. This suggests ST1926 as a relevant and attractive drug to
be used against GBM.

Based on these facts, we aim to characterize the antitumor activities and the
mechanism of action of ST1926 in GBM. Accordingly, we will use in vitro and in vivo
human GBM tumor models. Specifically, we will target the following aims:

* Investigate the antitumor effect of ST1926 on cell proliferation and growth.

» Examine the cell death mechanism mediated by ST1926 in GBM cells.

» Determine the cell cycle progression following ST1926 treatment.

» Profile the protein alterations affected by ST1926 treatment.

* Understand the mechanism of action of ST1926 in GBM.

+ Test the impact of ST1926 administration on xenograft GBM models in mice.

Our findings may lead to novel therapeutic strategies in treating GBM with less

toxicity. ST1926 may be reconsidered as an efficient treatment to suppress glioblastoma
progression by targeting POLAL in cancerous cells. With these preclinical studies, we
anticipate that ST1926 may be considered as a key drug to prolong the survival rate and

improve the quality of life for GBM patients.
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CHAPTER Il
MATERIALS AND METHODS

A. In Vitro Human GBM Models
A.1. Cell Culture

U87MG and U251 are the most commonly used human cell lines in GBM
research (Clark 2010). U87MG is abbreviation for Uppsala 87 malignant glioma. This
cell line was firstly obtained from a 44 years old female patient at Uppsala University in
Sweden in 1966. However, in 2016 researchers, through genetic profiling and
transcriptome analysis, discovered that the cell line distributed by the American Type
Culture Collection (ATCC) is not identical with the cells obtained from the patient in
Uppsala. The new version, which is used in our project, belongs to an adult male
patient, whereas U251 is isolated from a 75 years old male patient. Both patients
suffered from pleomorphic glioma.

Both cell lines are classified as grade IV glioblastoma/astrocytoma and are
reported as IDH-wild type (Ichimura 2009) and harbor a methylated MGMT promoter
(Oh 2017). U251 has a mutated p53, while U87MG has a wild-type p53 gene
(Giakoumettis 2018). U87MG has an epithelial morphology while U251 shows
fibroblastic patterns (Figure 18). One of the major features of the U87MG genome is the
large number of chromosomal abnormalities (Clark 2010). Mutational analysis of the
U87MG genome revealed different classes of genetic mutations including single-
nucleotide variations (SNVs), insertions/deletions (indels), and translocations

(Giakoumettis 2018). Both cell lines are routinely passaged at three days intervals.
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The two cell lines have different biological characteristics particularly regarding
cell proliferation, migration, and invasion. For instance U87MG have a higher
migration and invasion capability as well as higher proliferation rate than U251 (Qi
2016). They also differ in nicotinamide nucleotide metabolic process regulation, RNA
splicing, glycolysis, and purine metabolism which may account for the distinct
phenotypes of these GBM cell lines (Qi 2016).

The two other GBM cell lines used in our study are U118 and A172. U118 is
obtained from a human adult male patient. These cells present a wild-type IDH
(Ichimura 2009, Krell 2019) and a wild-type p53 (Geng 2010). A172 has a disrupted
transcription of proto-oncogene ABL1 that codes for a tyrosine receptor kinase, which is
important in tumorigenesis. This results in a fusion between ABL1 and Core-Binding
Factor Subunit Beta (CBFB), a protein coding gene, contributing to the formation of the
ABL1-CBFB gene fusion. However, the A172 cell line is able to survive in the absence
of a functional ABL gene product, indicating a non-housekeeping effect of ABL

(Heisterkamp 1990). Major GBM cell lines mutations are summarized in Table 1.
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Table 1. Gene mutations according to Sanger Institute COSMIC database (ATCC,
2019), (Ichimura 2009, Giakoumettis 2018), (N/A: not available)

A.2. Cell Growth Conditions

U87MG, U251, U118, and A172 cells were cultured in Dulbecco’s Modified
Eagle’s medium/nutrient mixture F-12 Ham (DMEM-F12) (Sigma Aldrich, USA)
supplemented with 10% fetal bovine serum (FBS) (Sigma Aldrich, USA), 1% of
penicillin-streptomycin (Sigma Aldrich, USA), 1% non-essential amino acids (Sigma
Aldrich, USA), and 1% sodium pyruvate (Sigma Aldrich, USA). Cells were incubated
at 37°C in a humidified incubator (95% air, 5% CO,) to grow. When cells reached 70 to
80% confluency, they were washed with calcium free-phosphate buffered saline (PBS)
(Sigma Aldrich, USA), then trypsinized with trypsin-ethylene-diamine tetra acetic acid
(EDTA) (Sigma Aldrich, USA) for 1 minute, and then incubated at 37°C up to 5
minutes. Trypsin effect is inhibited by the addition of fresh medium. Cells were
transferred to new flasks in a ratio of 1:5 for the U251 and U87MG, and 1:3 for U118

and A172, for maintenance and to be expanded before experiments.
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A.3. Cell Preparation for Experiments

When cells were almost confluent, they were prepared for experiments. For this aim,
cell number was determined using a hemocytometer according to the following formula:
cells/ml = average number of cells x dilution factor x 10*. Cells were counted using
trypan blue exclusion dye using 0.4% trypan blue solution.

A.4. Preparation of ST1926

ST1926 was obtained from Biogen Institute (Ariano Irpino, Italy) and was
reconstituted in 0.1% dimethylsulfoxide (DMSQO) at a concentration of 0.5 M, aliquoted,
stored at —80°C, and used up to six months. To treat the cells, an aliquot of stock
ST1926 (0.5 M) was diluted in pure ethanol to reach 10 M and then serially diluted in

medium into different concentrations.

B. Cell Viability:
B.1. Trypan Blue Assay

A simple way to determine the anti-proliferative effect of ST2926 on GBM cells is
to measure cell viability using trypan blue exclusion assay. Trypan blue is a
colorimetric dye that is used to determine the amount of viable versus dead cells.
Trypan blue is taken up by the dead cells which allows differentiation between blue
non-viable cells and white unstained viable cells under the microscope. To perform the
experiment, cells were seeded in triplicate in 96-well plates at a density of 5,000
cells/100 pl per well and were grown in DMEM-F12-Ham media in the absence or
presence of ST1926. Supernatants containing the dead cells were collected and attached
live cells were washed with PBS and harvested by trypsin/ EDTA then added to the

supernatant. Cell pellet was resuspended in 100 pl media then 20 pl of cell suspension
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was mixed with 20 ul of trypan blue (1.4 mM trypan blue, 154 mM NaCl, 500 mM

EDTA, pH=8). Results represent the average of triplicates * standard deviation (SD).

B.2. MTT Assay:

3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide (MTT) is a
colorimetric assay used to assess cell metabolic activity. It is based on the ability of
nicotinamide adenine dinucleotide phosphate (NADPH)-dependent cellular
oxireductases, found in the mitochondria, to reduce MTT (yellow color) to its insoluble
formazan (purple color) as a measurement of mitochondrial metabolic activity. For this
experiment, US7TMG, U251, U118, and A172 cells were seeded in triplicates in 96-well
plates at a density of 5,000 cells/well. When cells were attached and reached ~ 50%
confluency (~24 hours later), they were treated with different concentrations of ST1926
ranging from 0.01 uM to 100 uM diluted in 100 pl complete media, for up to three days.
For each time point, 10 mg/ml thiazolyl blue tetrazolium bromide dye (MTT, Sigma-
Aldrich) was added to each well (final concentration 1 mg/ml). The plates were
incubated at 37°C for 3 hours, which allowed the metabolically active viable cells to
convert the yellow tetrazolium salt into insoluble purple formazan crystals due to the
high levels of NADH and NADPH. The resultant intracellular formazan crystals were
dissolved by adding 100 uL of SDS-based solubilizing agent and left to incubate
overnight. The reduced MTT optical density (OD) was measured at a wavelength of 595
nm using an ELISA microplate reader (Multiskan Ex). The percentage cell viability was
expressed as percentage growth relative to control untreated cells. Results represent the

average of at least three independent experiments + standard error of the mean (SEM).
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B.3. Sulforhodamine B Assay:

Sulforhodamine B (SRB) cell cytotoxicity assay is a colorimetric assay for
measuring in vitro cytotoxicity based on cellular protein content. SRB is a bright-pink
aminoxanthene dye containing two sulfonic groups that bind to basic amino-acid
residues under mild acidic conditions, and dissociate under basic conditions. The assay
was first purchased as a kit (Abcam, ab235935), and then we optimized an in-house
protocol. This assay consists of a fixation trichloroacetic acid (TCA) solution, the SRB
dye and a 10 mM Tris base solution (pH 10.5) solubilization solution.

The in-house SRB assay was performed on U87MG and U251 cells whereby cells
were seeded in triplicates in 96-well plates at a density of 5,000 cells/well. After 24
hours, cells were treated with different concentrations of ST1926 (0.01 uM, 0.5 uM, and
1 uM) diluted in 100 pl complete media, for up to three days. At each time point, 25 pl
of the fixation solution was added to each well. The plate was then incubated at 4°C for
1 hour. Afterwards, the supernatant was discarded and viable cells remained attached.
The cells were then washed four times with 200 ul double distilled water (ddH,0) and
the plate was left to air dry and could be kept at room temperature up to one month. To
perform the SRB staining, 50 ul of 0.04 % SRB dye was added to each well and
incubated at room temperature for 1 hour. The wells were then washed with 200 pl 1%
acetic acid 4 times. When the wells dried up, 100 pl of 10 mM Tris base solubilization
solution was added and the plate was put on an orbital shaker for 10 minutes. The
intensity of the pink color that reflects the amount of proteins proportional to the
number of viable cells in each well was measured at a wavelength of 510 nm using the

microplate Tristar reader. The percentage of cell viability was expressed as percentage
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growth by comparing treated wells at indicated concentrations to untreated cells.

Results represent the average of three independent experiments = SEM.

C. InSilico Evaluation of POLAL Levels

To investigate the levels of POLAL in glioblastoma, we performed in silico analysis
using Oncomine, a web base datamining platform that allows us to search several
cancer microarray freely available online databases (Need to add reference or a website
for Oncomine). We selected research comparing GBM tissues to normal brain
counterparts that investigated POLA1 expression levels with a P-value less than 0.05.
We identified three different studies that showed elevated POLAL mRNA levels in
human GBM patient tissues in comparison to normal brain tissues (Shai 2003, Sun

2006, Murat 2008).
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D. Cell Cycle Analysis
D.1. Seeding and Collecting Cells:

U87MG and U251 cells were seeded into 100 mm dishes at a ratio of 1x10°
cells/dish which were incubated overnight until desired confluency. Cells were treated
with 0.5 uM of ST1926 for up to three days, then they were gently harvested to avoid
debris formation: the media containing floating and dead cells was transferred into a 15
ml falcon tube. Cells were washed with 2 ml PBS and transferred to the corresponding
falcon tube. Cells were then trypsinized with 1 ml trypsin/EDTA for 1 minute and
incubated up to 5 minutes at 37°C. The effect of trypsin was inhibited by 2 ml medium
and transferred into the falcon tube. The falcon tubes were centrifuged at 1200 rpm for
5 minutes at 4°C and the formed cell pellets were carefully washed with 1 ml of cold
PBS and centrifuged again at same conditions. The supernatant was discarded, and the
pellet was resuspended carefully with 1 ml ice cold PBS supplemented with 4 ml cold
absolute ethanol. Samples were stored at -20°C until staining and analysis was

performed within 10 days.

D.2. Cell Staining and Reading:

For staining, the fixed cells were thawed for 30 minutes at room temperature, and
then centrifuged at 1200 rpm for 5 minutes. The supernatant was carefully removed
with a yellow tip, and the tubes were tapped gently to dissolve the pellet. One ml ice
cold PBS was added to each tube to wash the cells. Pipetting up and down was avoided
in these steps. The cell pellets were then treated for 45 minutes with 100 ul of 200
ug/ml DNase-free RNase A with gentle tapping every 15 minutes to prevent pellet

precipitation. Cells were centrifuged as described earlier, and the supernatant was
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discarded. Cell pellets were resuspended using 300 ul ice cold PBS and transferred to
polystyrene round-bottom flow tubes (BD Flacon). Cells were then stained with 15 pl
of 1 mg/ml propidium iodide (PI) (Sigma Aldrich, USA) and incubated for 10 minutes
in the dark. To measure cellular DNA content, fluorescence of PI, was obtained using
flow cytometry (FACScan, Becton Dickinson). A total of 10,000 gated events were
acquired in order to assess the proportions of cells of different stages of the cell cycle.

Results represent the average of three independent experiments + SEM.

E. TUNEL Assay

The terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay
is a measure of apoptosis through detection of DNA double strand breaks (DSBs)
which is a late apoptotic event. DNA strand breaks contain free 3’-OH termini which
may be conjugated to dUTP-fluorescein through the enzymatic action of terminal
deoxynucleotidyl transferase and fluorescein fluorescence can be detected by flow
cytometry. To investigate whether ST1926 induces apoptosis in GBM cell lines, cells
were seeded in a density of 1 x 10° cell/ flask in a 75 cm? flasks (T75). Cells were then
treated with 0.5 UM ST1926 or left treated with solvent for control. Two extra control
wells, one for positive and one for negative controls, were prepared to be used in the
experiment. At the indicated time point, cells were collected by trypsinization, washed
with 1% BSA in 1X PBS, and then fixed with 4% formaldehyde for 30 minutes at room
temperature. Subsequently, cells were washed with 1X PBS and incubated with 100 ul
of permeabilization solution (0.1% triton X-100 in 0.1% sodium- citrate) on ice for 2
minutes and then centrifuged at 4,000 rpm at 4°C for 10 minutes. Samples were

washed once with 200 ul of 1X PBS, and pellets were re-suspended and incubated for
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one hour at 37°C in an incubator in the dark in TUNEL reagents: 50 ul of labeling
solution for negative control, and 50 pl of TUNEL reaction mixture for the other
samples. The TUNEL reaction mixture was prepared of 5 ul enzyme + 45 ul labeling
solution for each sample. Cells were then washed twice with 1X PBS, re-suspended in
1 ml 1X PBS, and transferred into polystyrene falcon round bottom tubes for flow
cytometry (FACScan, Becton Dickinson) analysis. A total of 10,000 gated events were
acquired in order to assess the proportions of apoptotic cells quantified with the
excitation wavelength set at 470-490 nm and the emission wavelength at 505 nm.
Results represent the average of three independent experiments + SEM.

F. Protein Profiling

F.1. Western Blotting:

F.1.a. Seeding and Collecting Cells:

U87MG and U251 cells were seeded into 100 mm dishes at a ratio of 1x10°
cells/dish which were incubated for 24 hours until desired confluency. The cells were
then treated with 0.5 uM of ST1926 for 2, 6, 24 and 48 hours. For each experiment, one
control was used where cells were only treated with solvent medium for 48 hours. At
each time point, the dish was put on ice and the cells were scraped using cell scraper,
collected and transferred into a 15 ml falcon tube and kept on ice. To assure that all
cells were collected, the dish was washed with 2 ml ice cold PBS and transferred to the
corresponding tube. Samples were then centrifuged at 1,500 rpm for 5 minutes at 4°C.
The supernatant was discarded, and the cells were washed with 1 ml ice cold PBS and
transferred into an Eppendorf tube. The cells were then centrifuged at 3,000 rpm for 5
minutes at 4°C. Finally, the supernatant was removed, and the cell pellets were frozen

at -80°C.
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F.1.b. Protein Extraction:

Cell pellets were taken out from —80°C and put on ice. Lysis buffer was prepared
from Nonidet™ P 40-based lysis buffer 1 % (v/v) that contains 150 mM NacCl, 25 mM
Tris pH 7.4, 5% glycerol, 1 mM Glycerol (v/V), and 1 mM EDTA. To that, we added 2
mM sodium orthovanadate (NazVVO,), 1x protease inhibitor, 1 mM sodium
pyrophosphate, and 10 mM sodium fluoride (NaF). Lysis buffer (200 ul — 300 pl) was
added to cell pellets. Cells were left on ice for 30 minutes while vortexing every 10
minutes. Cell lysates were then sonicated 10 cycles for 30 seconds/cycle and then
spinned at 16,000 rpm for 20 minutes at 4°C. The supernatants that contain the protein
lysates were then transferred to new Eppendorf tubes. Two ul was taken from each
protein lysate and mixed with 18 pl of lysis buffer for dilution (10 folds). From the new
diluted protein lysates 2 pl were taken, mixed with 398 ul ddH,O. To that, 100 pl of
Bradford Protein Assay dye reagent (Bio-Rad) was added for quantification. 200 pl of
each sample was transferred to a 96-well plate in duplicates and read within 1 hour by
ELISA microplate reader (Multiskan Ex) at 595 nm. The average of the duplicates was
considered as the protein concentration in each sample.

The quantification was compared to protein reference standard concentrations
prepared from 20 pg/ml bovine serum albumin (BSA) ranged from 0 pg/ml to 10 pg/ml

(Table 2).
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Concentration

(ng/ml) ddH,0 (ul) BSA (ul) Bradford (ul)
0 400 0 100
2 350 50 100
4 300 100 100
6 250 150 100
8 200 200 100
10 150 250 100

Table 2. Preparation of protein reference standard concentrations of BSA. BSA
concentrations were diluted in water. Bradford dye reagent was added for quantification
within 1 hour. 200 ul of each standard concentration transferred to a 96-well plate in
duplicates together with protein lysate samples and quantified by ELISA microplate
reader.

F.1.c. Gel Electrophoresis:

Sodium dodecyl sulfate (SDS)-polyacrylamide gels (PAGE) were prepared
depending on the molecular weight of the proteins we wanted to detect, 12% - 15% for
low molecular weight proteins and 8% - 10% for high molecular weight proteins.
Samples were prepared for loading by mixing each sample with 4x lammeli containing
5 % B-mercaptoethanol. The samples were then heated at 95°C for 10 minutes and
mixed by vortexing every 2 minutes. Protein ladder (TriColor Broad Protein Ladder-
Biotech rabbit) was loaded in the first well, and the samples were then loaded in the
following wells in 50 pg/30 pul per well. Gels were merged with 1x running buffer
containing Tris base, glycine, SDS and ddH,0, and were electrophoresed at 70 V until
the samples crossed the stacking gels, and then increased to 100 V until the dye front

reaches the bottom of the gel, approximately after one and a half hour.
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F.1.d. Transfer to Nitrocellulose Membranes:

When the electrophoresis was done, gels were carefully removed and transferred
to nitrocellulose membranes and arranged in a sandwich together with blotting filters
and sponges in transfer cassettes. The cassettes were then loaded in the transfer
apparatus and soaked in transfer buffer containing Tris base, glycine, methanol and
ddH,0 (pH=8.3) solution. The apparatus was connected to the electric supply at 30 V
and left for transfer overnight in cold room. For low molecular weight proteins, transfer
was performed for two hours at 80 V on ice over the bench. After transfer, the
membranes were blocked with 5 % fat free milk diluted in Tris-buffered saline (TBS)
and Tween-20 (TBS-T also referred to as wash buffer) for 45 minutes. The membranes
were then washed 3 times for 10 minutes with wash buffer containing Tween-20 as a
detergent to help remove nonspecifically bound material and prepared for probing with

antibodies as described in Table 3.

Antibody Distributor Batch Origin MW  Dilution  Diluted Storage
number (kDa) in (°C)
POLA1 Abcam AB31777 Rabbit 180 1:500 5 % milk -20
PARP Santa Cruz SC7150 Rabbit 116 1:1000 5% milk +4
YH2AX Cell Signaling  CS-2577S  Rabbit 15 1:1000 5% BSA -20
Bax Cell Signaling  CS2772S Rabbit 23 1:500 5% BSA -20
BCL2 Santa Cruz SC-7382 Rabbit 26 1:100 5 % milk +4
GAPDH Abnova MAB5476  Mouse 37 1:20000 5% milk -20
2° mouse anti Santa Cruz SC-2357 Mouse 1:5000 5% +4

rabbit milk

Table 3. Detailed information about the used antibodies.
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F.1.e. Probing with Antibodies

Different antibodies were prepared by diluting in milk or BSA, in different ratios
as described in Table 3. The membranes were sealed with primary antibodies and
incubated overnight. The following antibodies were used: POLA1, Poly ADP-ribose
polymerase PARP, BCL2-Associated X Protein (Bax), B - cell lymphoma 2 (Bcl2), and
histone variant H2AX (yH2AX). Membranes were also probed with anti-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for assessment of equal protein
loading (see Tables 3 and 4). The next day, the membranes were washed 3 times with
wash buffer for 30 minutes (10 minutes/wash). Membranes were then incubated with
secondary antibodies for 1 hour. The secondary antibody was removed, and the
membranes were washed as described previously. The membranes were then covered
with luminol reagent (Bio Rad) and imaged on the ChemidocTM MP Imaging System

(Bio-Rad). Representative blots were shown of three independent experiments.

Antibody Full name Detection
POLAL DNA polymerase alfa DNA synthesis
PARP Poly ADP-ribose polymerase Caspase-3-mediated cleavage
vH2AX Histone variant H,AX DNA damage
Bax/Bcl2 BCL2-Associated X Protein / Proapoptotic /
B - cell lymphoma 2 Prosurvival-Antiapoptotic)
GAPDH Glyceraldehyde-3-phosphate Housekeeping
dehydrogenase

Table 4. The full name of antibodies used in western blot with the detection marker.
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F.2. Proteomics

To evaluate the differential alterations in proteins and the signaling pathways
modifications in GBM after ST1926 treatment, we seeded U87MG, U251, and U118
cells (1x 10° cells) in 100 mm dishes and treated with 0.5 uM ST1926 up to 48 hours.
After each time point (2, 24, 48 hours), cells were collected following the procedure
used for western blotting. Liquid nitrogen frozen cell pellets were shipped to the

University of Florida Proteomics Core Facility for proteomics analysis.

G. In vivo Xenograft Tumor Mouse Model
The experiment was designed to study the effect of ST1926 on tumor growth in
U87MG xenografted Cg-Prkdc*112rg™"/SzJ (NSG) mice.

G.1. Mouse model:

The NSG mice are immunodeficient. Their genetic background (NOD/ShiLtJ) is
modified to accommodate severe combined immune deficiency (scid) and a complete
null allele of the interleukin-2 receptor (IL2) receptor common gamma chain (IL2rg™".
The scid mutation is in the catalytic subunit of a nuclear DNA-dependent
serine/threonine protein kinase (DNA-PK) which is a DNA repair complex protein
(Prkdc) and renders the mice to become B and T cell deficient. They have also deficient
natural killer (NK) cells due to 1L2rg™" mutation that prevents cytokine signaling
through multiple receptors. These mutations allow the mice to be humanized by
engraftment of human cells without any resistance due to their immunodeficiency.

Thus, the immunodeficient NSG mice are suitable models to study the effect of ST1926

on human GBM in vivo.
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G.2. Xenograft Tumor Procedure:

A total number of 20 NSG mice (both genders) were used with ages ranging
between 4 to 6 weeks and with an average mouse weight of 21 gm. The mice were
injected with 4 x10° U87MG cells/mouse. However, only 14 mice developed palpable
tumors after 3 to 4 days. The mice were then distributed into two groups: control versus

treatment as shown in Table 5.

Group Control ST1926 treatment

Animals 2 females 5 males 2 females 5 males

Table 5. Groups of NSG mice used in the experiment. Only 14 mice developed
palpable tumors.

The mice were treated intraperitoneally with 15 mg/kg body weight (BW) of
ST1926 (0.315 mg /dose/mouse) three times per week for four weeks continuously with
a total number of 12 doses as described in Table 6. The ST1926 was dissolved in
DMSO and then mixed with 90 ul of 10% Cremophor EL/ethanol/PBS. A total of 100
ul per injection were administrated to treated mice. Untreated mice were injected with
100 pl of 10% DMSO dissolved in 10% Cremophor EL/ethanol/PBS. The mice were
weighed once a week and tumor volumes were measured twice a week. After 4 weeks,
the mice were sacrificed and the tumors were extracted, measured, and stored in 10%

formaldehyde for further staining and analysis (see Table 6).

H. Image Processing
Images of control and treated cells were acquired using Leica microscope inverted
with camera and fluorescence. Images were assembled using, Photo Impact X3,

Microsoft PowerPoint and Word 2010.
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I. Statistical Analysis

Statistical analysis was performed using Microsoft Excel 2010. Data presented are
the means £ SEM of at least three independent experiments as noted in the figure
legends. The significance of the data was analyzed using two-way ANOVA analysis
overall, and a Student’s t test for the TUNEL results. Statistical significance was

reported when the P-value was < 0.05 (*, P < 0.05; **, P < 0.01; *** P < 0.001).
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CHAPTER IV
RESULTS

A. Effect of ST1926 at VVarious Concentrations on GBM Cell Viability

We first investigated the effect of ST1926 on the cellular growth of different GBM
cell lines by the MTT assay. We observed that the viability of the U251, U87MG,
U118, and Al172 cells was significantly decreased after being treated with different

concentrations of ST1926 (Figure 19).
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Figure 19. Growth inhibition mediated by ST1926 on human GBM cell lines.
Cells were seeded at a density of 5000 cells/well in 96-well plate, treated with series
of ST1926 concentrations up to three days. Cell growth assessed with MTT assay. A:
U251. B: U7TMG. C: A172. D: U118. Results are presented as mean = SEM of three
independent experiments, ** P < 0.01, *** P <0.001
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Interestingly, ST1926 treatment showed a time-dependent growth inhibition in
all tested GBM cell lines. Sub-pharmacological concentrations of ST1926 (as low as 0.5
uM) were able to inhibit approximately 50% of cellular growth of U251 cells after 1
day of treatment (Figure 19.A) and of U87MG cells after 2 days (figure 19.B). As for
the two other cell lines, higher concentrations of ST1926 were required to reach 50%
viability. 20 uM suppressed cellular growth of A172 (Figure 19.A) and of U118 (Figure
19.B) by approximately 50 % after 1 and 2 days, respectively. The low ICs, values
observed strongly suggests that ST1926 is a potent drug against different types of GBM
cell lines (Table 7). Therefore, we decided to proceed with U251 and U87MG since

these two cell lines respond to ST1926 treatment at pharmacologically achievable levels

at 48 hours.
Cell line 1Cs0 (UM)
24 hours 48 hours
U251 0.5 0.1
Us7MG 20 0.5
U118 >20 20
Al72 20 10

Table 7. A summary of the 1Csy of ST1926 in different GBM cell lines obtained
from MTT at 24 and 48 hours.

The ICs values in U251 and U87MG were further investigated by trypan blue and
SRB assays to verify the obtained viability results by the mean of different viability
methods. The two cell lines followed the same trend as in MTT assay. ICs in U251 was
verified in both trypan blue (Figure 20) and SRB (Figure 21) assays where 0.5 uM of
ST1926 inhibited approximately 50 % of growth after day 1 of treatment. For US7MG,
50 % of viability was inhibited when exposed to 2 days of 0.5 uM ST1926. Moreover,

these results were compatible with confluency changes of GBM cells in culture where
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cells treated with 0.5 uM of ST1926 showed changes in morphology, growth inhibition,

and less confluency compared to control cells (Figure 22).
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Figure 20. ST1926 effect on U251 obtained by trypan blue exclusion assay. U251
cells were seeded at a density of 5000 cells/well in 96-well plate in triplicates, then
treated with series of ST1926 concentrations up to three days. Results presented as
mean of one experiment = SD, *P < 0.05.
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Figure 21. ST1926 effect on U251 obtained by SRB assay. U251 and US7TMG
cells were seeded at a density of 5000 cells/well in 96-wll plate in triplicates, then
treated with series of ST1926 concentrations up to three days. A: U251. B: US7TMG

Results presented as mean of three independent experiments = SEM, **P < 0.01,
***p <0.001.
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Figure 22. Morphology and confluency of ¢
pM ST1926 treatment. Approximately 50 % cellular growth inhibition (right) after
48 hours for UB7MG (up) and after 24 hours for U251 (down) compared to control
cells (left) cultured under the same conditions.

B. Elevated POLAL Expression Levels in GBM

To understand the mechanism of action of ST1926 in GBM, we wanted to
investigate the levels of POLAL in GBM tissues, since previous studies from our
laboratory have shown that ST1926 inhibits POLAL in different cancer types (Abdel-
Samad 2018). In silico analysis using Oncomine database identified three different
studies comparing POLAL in GBM patient tissues versus normal brain counterparts
(Shai 2003, Sun 2006, Murat 2008). These studies revealed that GBM tissues have
significantly higher POLA1 expression levels in comparison with normal tissues with a

p-value < 0.005 (Figure 23).
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Figure 23. Elevated POLAI levels in GBM tissues compared to normal brain
tissues. /n silico analysis identified three different studied that showed elevated
POLALI expression levels in GBM. Data generated from oncomine.org.

C. ST1926 treatment of GBM Cells Induces Sub-G1 Accumulation and G0/G1
Arrest

To determine the effect of ST1926 on the cell cycle of GBM in vitro, we analyzed
cell cycle progression by examining cellular DNA content distribution. The cells were
treated with 0.5 uM ST1926 up to three days and then stained with propidium iodide.
DNA content that reflects the proportion of cells in each phase of the cell cycle was
assessed by flow cytometry.

ST1926 resulted in cell accumulation in the sub-G1 phase (Figure 24.A, 25.A). The
percentage of U251 cells in the sub-G; phase increased from 4% in the control to 7%
upon ST1926 treatment for 1 day and reached 13 % and 17% after 2 and 3 days,
respectively (Figure 24.B). In addition, ST1926 induced a significant Go/G; cell cycle

arrest upon treatment with 0.5 uM ST1926 for all tested time points (Figure 24.C).
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Figure 24. ST1926 treatment induces G0/G1 arrest and sub-G1 accumulation in
U251. Cells were seeded at a density of 1 x 10° cells/dish in 100 mm culture dish,
treated with 0.5 uM ST1926 up to three days. Cells were stained with propidium
iodide and quantified by flow cytometry. Analysis was done using BD FACSDiva
8.0. A: Representative histogram of U251 cell cycle pre (dark grey) and post ST1926
treatment (light grey). B: Quantification of cells in sub-G1 phase up to 3 days. C:
Quantification of total cell count in the different cell cycle phases. Results presented
as mean of 3 independent experiments + SEM, ***P < 0.001

Similarly, U87MG cell showed an increase in the sub-G1 phase upon 0.5 uM
ST1926 treatment for up to three days (Figure 25.A). The percentage of U87MG cells in
sub-G1 increased significantly from 10 % in control untreated cells at day 2 to 25 % and
40 % after 2 days and 3 days of ST1926 treatment, respectively (Figure 25.B). GO/G1
arrest was also observed in U87MG upon 0.5 uM ST1926 treatment for up to three days

in comparison to control cells cultured under same conditions (Figure 25.C).
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Figure 25. ST1926 induces GO/G1 arrest and sub-G1 accumulation in US7TMG.
Cells were seeded at a density of 1 x 10° cells/dish in 200 mm culture dish, treated
with 0.5 uM ST1926 up to three days. Cells were stained with propidium iodide and
quantified by flow cytometry. Analysis was done using BD FACSDiva 8.0. A:
Representative histogram of U87MG cell cycle pre (dark grey) and post ST1926
treatment (light grey). B: Quantification of cells in sub-G1 phase up to 3 days. C:
Quantification of total cell count in the different cell cycle phases. Results presented
as mean of at 3 independent experiments + SEM, *P < 0.05, **P < 0.01.

D. ST1926 Induces Apoptosis in GBM Cell Lines

We showed previously that ST1926 induced GBM cell accumulation in sub-G;
phase which presumably represents apoptotic cells. To confirm apoptosis induction by
ST1926 treatment, we performed a TUNEL assay to detect double stranded DNA
cleavage, a hallmark of apoptosis. U251 and U87MG cells were treated with 0.5 pM
ST1926. In U251, the percentage of TUNEL-positive cells increased from 3.9% in the

control to 9.9 % upon treatment for 2 days. After 3 days of treatment, the percentage of
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TUNEL- positive cells significantly increased from 5.9 % in the control to 80.3 % in the
treated cells (Figure 26.A, B)). In U87MG cells, the percentage of TUNEL- positive
cells increased from 4.8 % in the control to 25 % in the treated cells after day 2.
ST1926-induced apoptosis was further observed after day 3 of treatment where the
percentage of TUNEL- positive cells significantly increased from 5.6 % in the control to

37.5 % in the treated cells (Figure 26.C, D).
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Figure 26. ST1926 induces apoptosis in U251 and U87MG. Cells were seeded
at a density of 1 x 10° cells/flask in 75 cm? culture flask, treated with 0.5 pM
ST1926 up to three days. Cells were stained with TUNEL reaction mixture and
quantified by flow cytometry. Analysis was done using BD FACSDiva 8.0. A, B:
U251. C, D: UB7TMG. A, C: Representative histogram of the shift from control
cells (dark grey) into TUNEL-positive ST1926 treated cells (light grey) of U251
(A) and UB7TMG(C), respectively. B, D: Quantification of TUNEL positive cells
in control and ST1926 treated U251(B) and U87MG (D) cells, respectively.
Results for day 2 present as one experiment, day 3 presented as mean of three
independent experiments + SEM, **P < 0.01, ***P < 0.001
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E. ST1926 Promotes PARP Cleavage Along with DNA DamageTo

investigate whether ST1926-induced-apoptosis in GBM cell lines is caspase-

dependent, we explored caspase activation and cleavage of PARP as an

indication of caspase-dependent apoptosis through western blotting. For this

aim, proteins were extracted from control and ST1926 (0.5 uM) treated U251

and U87MG cells up to 48 hours. Immunoblotting against PARP (113 kD)

showed an increase in PARP cleavage (death-associated fragment - 89 kD), and

ultimately reached a full PARP cleavage at 48 hours in both investigated cell

lines (Figure 27). We also wanted to determine the effect of ST1926 on the

DNA. Therefore, we incubated the nitrocellulose membranes with y-H2AX

antibodies. We observed elevated levels of y-H2AX in a time-dependent manner
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Figure 27. ST1926 promotes PARP cleavage with increased y-H2AX levels
in GBM cells. U251and U87MG cells were seeded in 100 mm culture dish at
a density of 1 x 10° cells/plate and treated with 0.5 uM ST1926 up to 48 hours.
Whole SDS lysates (150 ug/lane and 50 pg/lane) were prepared and
immunoblotted against PARP and y-H2AX antibody. Blots were re-probed
with GAPDH antibody to ensure equal protein loading. Blots are

representative of three independent experiments.
(Figure 27).
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F. ST1926 Induces Early DNA Damage in GBM Cell Lines

To determine how early the ST1926-induced DNA damage started, we extracted
proteins from U251, U87MG, and U118 cells after being treated with 0.5 uM ST1926
for 2, 6, 24, and 48 hours. Using western blot, we probed for yH2AX antibody. Results
revealed that ST1926 induced a slight increase in YH2AX in all GBM cell types as early
as 2 hours post-treatment (Figure 28). This indicates that ST1926 is inducing early

DNA damage in GBM-treated cell lines.
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Figure 28. ST1926 causes early DNA damage in human GBM cancer cells.
U251, U118, and U87MG were seeded in 100 mm culture dish at a density of 1
x 10° cells/plate and treated with 0.5 puM ST1926 up to 48 hours. Whole SDS
lysates (30 ug/lane) were prepared and immunoblotted against y-H2AX
antibody. Blots were re-probed with GAPDH antibody to ensure equal protein
loading.
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G. ST1926 Decreases POLAL Levels in GBM in vitro

ST1926 was shown to mediate its antitumor activities through DNA damage
induction, mainly by inhibiting POLAL activity in cancer cells, and since POLA1 levels
were shown to be elevated in GBM tissues, we evaluated the effect of ST1926 on
POLAZ1 protein levels. Therefore, U251 and U87MG cells were seeded and treated
according to the procedure described earlier for western blotting. Immunoblotting
against POLAL, showed decreased levels of POLAL protein as early as 6 hours post
ST1926 treatment which is a clear indication of ST1926-induced inhibition of DNA

replication (Figure 29).
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Figure 29. ST1926 reduces POLAL protein levels in GBM cell lines. U251 and
U87MG were seeded in 100 mm culture plates at a density of 1 x 10° cells/plate and
treated with 0.5 uM ST1926 up to 48 hours. Whole SDS lysates (50 ug/lane) were
prepared and immunoblotted against POLAL. Blots were re-probed with GAPDH
antibody to ensure equal protein loading. Blots are representative of three
independent experiments.
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H. ST1926 Suppresses Tumor Growth in GBM xenografts

The potent growth suppressive and proapoptotic activities in GBM in vitro models,
suggest that ST1926 could be a promising therapeutic approach to be considered in vivo
in xenograft GBM models. Therefore, we evaluated the activities of ST1926 using the
NSG mouse model inoculation with U87MG cells in the flank. We assessed ST1926
effect by measuring tumor volumes of mice treated with ST1926. Tumor volumes
increased with time in both control and ST1926 treated mice. However, mice treated

with ST1926 showed a reduction but not significant in tumor growth (Figure 30).
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Figure 30. ST1926 delays tumor growth in GBM xenograft NSG mouse model.
NSG mice were injected with 4 x 10° U87MG cells/mouse, treated with 15 mg/kg

ST1926 intraperitoneally three times/week. Tumor volumes were measured twice a
week. Mice in control group treated with the vehicle of ST1926. N=7/group
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CHAPTER V
DISCUSSION

Despite relentless efforts to develop new therapies and improve the survival rates of
most cancer patients of different cancer types, patients with GBM still suffer from low
survival rates and poor quality of life. Due to the complexity of GBM, patients are not
easily amenable to current advanced therapies resulting in aggressive recurrence,
treatment-resistant relapse and rapid surrender to the tumor. Thus, devising efficient and
safe therapeutic strategies is urgently needed. Retinoids, vitamin A and its natural
analogues have been used as chemotherapeutics and chemopreventive agents (Fu 2012,
Das 2014, Khalil 2017) since they have displayed antitumor effects mainly by
suppressing cell growth and stimulating cell differentiation and cell death (Sakoe 2010).
However, the use of natural retinoids in clinical trials is hindered due to their limited
efficacy (Ortiz 2002) and undesirable side effects (Garattini 2014) resulting in sub-
optimal clinical results. This is influenced by many factors mainly that natural retinoids
are accompanied with rapid metabolism and attenuated signaling due to mutations in
retinoid receptor signaling pathway which force the cancer cells to develop resistance to
retinoid therapy (Tang 2011, Garattini 2014, Schenk 2014). To overcome these
obstacles, there was a necessity to develop new compounds (Ortiz 2002). One of these
compounds is the promising adamantyl synthetic retinoid ST1926 (Cincinelli 2003),
that displayed a favorable pharmacokinetic profile in comparison to its parental
CD437compound (Garattini 2004). ST1926 has shown potent anti-tumor effects in
several in vitro and in vivo cancer models, including tumor growth inhibition in ovarian

carcinoma (Zuco 2004, Zuco 2010), neuroblastoma (Di Francesco 2007, Di Francesco
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2012), ATL (El Hajj 2014), CML (Nasr 2015), rhabdomyosarcoma (Basma 2016),
AML (El-Houjeiri 2017), breast (Aouad 2017) and prostate cancers (Bahmad HF 2019)
independently of RAR and p53 signaling pathways (Cincinelli 2003).

Based on the promising anti-tumor actions of ST1926, investigating the effect of
ST1926 on GBM models, may offer new insights that can be translated into novel and
efficient therapeutic opportunities for patients with GBM. First, we investigated the
effect of ST1926 on the viability of GBM in vitro models. The intra-tumor
heterogeneity and the molecular traits of each cell line draw different patterns for the
therapeutic decision-making (Campos 2016). Since these cell lines have different
genetic backgrounds, they responded differently to ST1926. For instance, all tested cell
lines have in common several molecular traits mainly wild type IDH. Patients with
tumors that have IDH mutated gene have better outcome than those with wild type gene
(Yan 2009), since mutant IDH can be used as a target for therapeutic intervention. In
addition, these cell lines have different p53 status. U251 and U118 have mutated p53,
while U87MG and A172 have a wild type p53 gene (Giakoumettis 2018). Tumor cells
with mutated p53 tend to survive radiation therapy and patients with such tumors
relapse in a short period of time (Yang 2020). In our study, ST1926 induced cell death
independently of p53 status which was also established in CRC (Abdel-Samad 2018),
Rhabdomyosarcoma (Basma 2016), ovarian carcinoma (Zuco 2004) and breast cancer
(Aouad 2017). Both U87MG and U251 have methylated MGMT (Oh 2017), but
different EGFR levels (Giakoumettis 2018). Researchers have shown that the diversity
in cancer cells, in genetic and epigenetic alterations (Guo 2019), and in germline and
somatic mutations (He 2013, Yan 2017) result in polymorphism in genes encoding for

drug-metabolizing enzymes, the transporters, drug targets, drug binding sites, and
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disease-related genes. Put together, these alterations cooperate to alter drug sensitivity
(Juan-Blanco 2018) and cells response to treatment. Hence, complete understanding of
genetic and epigenetic heterogeneity of GBM cells may contribute in understanding the
intricate interplay between GBM cell lines used in our study and ST1926 molecule.
This may reveal the mechanism of action of ST1926 in GBM cells, and explain the
variability in cell response to different concentrations and exposure time to ST1926.

In a recent study by De Liu et al., that was published while writing this thesis,
researchers tested ST1926 on several GBM cell lines including U87MG and U251, the
ICso was achieved at higher concentrations of ST1926 when evaluated by MTT assay
(De 2020). This can be due to two possible explanations, either the cells were cultured
and treated under other conditions including different cell confluencies or passages.
Importantly, this latter study also tested ST1926 on normal human astrocytes, showing
that ST1926 treatments at concentrations as high as 10 uM displayed no significant
cytotoxicity, nor changed the morphology or induced excessive ROS production in
normal human astrocytes. Hence, these findings indicate that only glioma cells were
sensitive to ST1926 and not their normal counterparts (De 2020).

Previous studies from our laboratory showed that ST1926 inhibits cell growth
mainly by targeting POLA1 and thus suppressing cellular proliferation (Abdel-Samad
2018). Performing in silico analysis revealed that POLA1 expression levels are elevated
in tissues derived from patients with GBM compared to normal brain tissues (Shai
2003, Sun 2006, Murat 2008). This indicates that POLAL in GBM is an attractive target
for ST1926.

Cell cycle analysis revealed a prominent accumulation of cells in the sub-G; phase

which is presumably a pro-apoptotic region, as reported in other types of ST1926-
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treated cancer cells (Zuco 2004, Zuco 2010, El Hajj 2014, Nasr 2015, Basma 2016,
Aouad 2017, Abdel-Samad 2018, Karam 2018). In addition, it was shown that, prior to
apoptosis induction, ST1926 causes Go/G; cell cycle arrest. ST1926 affects the cell
cycle in other cancer types differently, mainly by inducing S-phase arrest such as in
breast cancer, rhabdomyosarcoma, and CRC cells (Basma 2016, Aouad 2017, Abdel-
Samad 2018), or by causing G; arrest as in ovarian carcinoma (Zuco 2010), G4/S arrest
as in lung carcinoma (Zuco 2005) and G,/M arrest as for neuroblastoma cells (Di
Francesco 2012). The perturbation in cell cycle progression induced by ST1926,
explains the reduction in cell growth and viability.

To confirm apoptosis in the tested GBM cell lines upon ST1926 treatment, we
performed TUNEL assay to detect DNA DSBs as an indicator of late apoptotic event.
Results showed that 0.5 uM ST1926 induced massive DNA fragmentation in U251 and
U87MG. Using western blot, this was further approved by elevated levels of YH2AX
and PARP cleavage upon ST1926 treatment. Knowing that yH2AX is the standard for
DNA DSBs, upregulation of yH2AX expression levels as early as two hours post-
ST1926 treatment, we emphasize that 0.5 uM ST1926 induces early DNA damage that
triggers cell death. PARP is the key protein that first responds to DNA DSBs (Pascal
2018) and plays a major role in repairing DNA damage (Dantzer 1999, Dantzer 2000), a
process required for normal cellular functioning and survival. In case of apoptosis, a
highly specialized family of cystein-aspartate proteases (caspases) acts as signaling
cascades. Once activated, these caspases initiate cell death by activating and cleaving
several proteins that drive the process of apoptosis (Fischer 2003). PARP is one of these
substrates that are cleaved and inactivated by caspases and its cleavage is considered as

a hallmark of apoptosis (Kaufmann 1993, Tewari 1995). Cleavage of PARP leads to
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loss of its catalytic activity and may prevent depletion of ATP which is required for
apoptosis (Fischer 2003). Almost all caspases are known to modify PARP in vitro
(Lazebnik 1994) while caspase-3 and caspase-7 are shown to cleave PARP in vivo
(Lazebnik 1994, Margolin 1997). The cleavage mediated by these caspases yields an
85-89 kDa PARP fragment (Lazebnik 1994, Chaitanya 2010) which was observed in
our study. In brain tumors, especially gliomas, caspase-3 is the one implicated in PARP
cleavage (Bhaskara 2005, Bhaskara 2009). Based on these facts, we conclude that 0.5
UM ST1926 inhibits cellular growth in U251 and U87MG by inducing DNA damage
that precedes a caspase-3-dependent apoptosis. This finding is consistent with similar
studies that examined the effect of ST1926 in different cancer types (Aouad 2017,
Abdel-Samad 2018, Karam 2018, Bahmad HF 2019). It remains to be determined by the
use of caspase inhibitors whether ST1926-induced cell death is caspase-dependent.
Next, we examined the effect of ST1926 on POLA1 protein levels, since
ST1926 was shown to exert its anti-tumor effect through POLAL inhibition (Abdel-
Samad 2018). POLAL is the initiator of eukaryotic DNA replication which is pursued
later on by other polymerases (Muzi-Falconi 2003). The parental molecule of ST1926,
CDA437 was shown to target POLA1 and thus preventing cellular proliferation (Han
2016). Similarly to CD437, ST1926 was shown to reduce the protein levels and inhibit
the activity of POLAL in a concentration-dependent manner (Abdel-Samad 2018). Since
POLAL1 is overexpressed in GBM, it is a pertinent molecular feature and an attractive
target for ST1926. Performing western blotting revealed that 0.5 uM ST1926 reduced
POLAL levels in both U251 and U87MG in a time-dependent manner. This was

complemented with reduced cell viability and induced cell death.
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To test the susceptibility of GBM cells to undergo apoptosis via the extrinsic or
the intrinsic pathway upon ST1926 treatment, we probed for Bcl2 proteins that bind to
the outer membrane of the mitochondria and regulate the release of cytochrome c, a
central event in apoptosis (Raisova 2001, Kiraz 2016). The relative amount of
apoptosis-promoting and apoptosis-inhibiting signals is determined by the ratio of
Bax/Bcl2 proteins. The interaction of these proteins among others determines whether a
cell lives or dies (Westphal 2013) and the imbalance in Bax/Bcl2 ratio triggers
apoptosis (Singh 2015). Depending on this ratio, we can assess the ability of drugs to
induce apoptosis and the sensitivity of cells to respond to the treatment (Raisova 2001).
Released cytochrome c enters the cytosol, binds to apoptotic proteases, and activates a
caspase cascade that in turn leads to apoptosis. This is the intrinsic pathway for
apoptosis (Enari 1996). Using the antibodies that were presented in the method part, we
could not detect any bands for neither Bax or Bcl2, although both U251 (Liang 2019)
and U87MG cells (Shi 2010) express these proteins. We are currently optimizing the
blotting protocol and trying other antibodies. We are looking forward to further
investigations of the anti-tumor effect of ST1926 in GBM on the angiogenesis of the
tumor by evaluating the levels of VEGF and HIF-10, two major proteins that determine
the prognosis of GBM upon ST1926 treatment.

To assess ST1926 efficacy in vivo, US7MG cells were inoculated in the flank of NSG
xenografted mouse model. Injection of 15 mg/kg of ST1926 three times a week resulted
in a reduction of the tumor size. However this reduction is not statistically significant to
consider the treatment regimen sufficient for treating GBM. ST1926 have shown
promising effects in several solid and liquid tumor models as well as in xenograft

models (Karam 2018). Treatment with ST1926 inhibited tumor growth, reduced the size
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of the tumor and prolonged survival in various tumor xenograft models (EIl Hajj 2014,
El-Houjeiri 2017, Abdel-Samad 2018, Bahmad HF 2019). The treatment regimen in
these studies differs from our study either in dosage, in the duration of the experiment,
or in the administration mode and period. Thus, more optimization is needed to achieve
significant effects on GBM tumors, in particular daily administration. De Liu et
al.tested another GBM cell line with different ST1926 treatment regimen in vivo.
ST1926 also reduced KI-67, a protein that is strongly associated with tumor
aggressiveness and proliferation with few side effects.

Several areas of research should be performed to test the impact of ST1926 on the
invasion of GBM cell lines by performing migration assay and the involvement of RAR
signaling in the mechanism of ST1926 in GBM should be explored further. We are
awaiting for the proteomic analysis results which will open up new research areas to
identify other mediators in the mechanism of action of ST1926 in GBM. De Liu et al.
described another mechanism of action of ST1926 in GBM which involves the
mitochondria. According to their study, ST1926 significantly impairs complex Il
function, thus reduces ATP production and promotes the production of reactive oxygen
species which leads to apoptosis (De 2020). Together with our findings, we conclude
that ST1926 is potent anti GBM drug that attacks tumor cells and mediates cell death

from different aspects.
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A. Future Perspectives

One of the major obstacles facing drug development against GBM is the drug delivery
across the BBB. Despite its hydrophobic properties and the relatively low molecular
weight (374.5 g/mol) (Dréan 2016), ST1926 possesses a hydrophilic end (carboxyl
group) that may deter its passage through the BBB to ultimately reach GBM tumor
inside the brain. To test whether ST1926 will cross the BBB, we plan to perform a
biomimetic in vitro BBB model, in collaboration with the laboratory of Dr. Marwan EI
Sabban. GBM cells will be co-cultured with astrocytes and endothelial cells in culture
wells with semipermeable membrane. This apparatus will be inserted in a well plate, in
order to simulate the BBB in vitro (Figure 31). The endothelium with astrocytes will
create a barrier between the drug and the GBM cells, where its tightness will be
measured by transendothelial electrical resistance (TEER). After adding ST1926, the
effect on GBM will be detected and the concentration of ST1926 passing the
semipermeable membrane to the well will be determined by liquid chromatography with

fluorimetric detection at 330 nm (Basma et al. 2015).
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Figure 31. Schematic description of the biomimetic in vitro BBB which will be
conducted in collaboration with Dr. Marwan El Sabban’s laboratory.
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Recently, several new strategies are competing to improve drug delivery, mainly
nanomedicine. Nanomedicine has gained widespread attention especially in cancer
therapy as it enables more efficient tumor targeting, enhances bioavailability, and
increases drug stability with lower toxicity (Tong 2016). In case ST1926 does not cross
the BBB, we suggest nanoparticle formulation of ST1926, since it was shown to
improve its bioavailability and had the ability to reduce the tumor burden at lower

concentrations compared to the naked drug (EI-Houjeiri 2017).

For better mimicking the GBM microenvironment, we propose to develop an
orthotopic GBM mouse model in which we plan to inoculate the mouse brain with
GBM cell lines at 2-3 mm to the right of the bregma and the sagittal suture, and 1 mm
anterior to the coronal suture (Kratzsch 2018). The cell suspension should be injected in
a speed of 3 ul over one minute in order to insure that the tumor grows in the correct
location in the brain (Figure 32). When these mice start to develop tumors, ST1926 will

be administrated and tumor volume and animal survival will be determined.

89



Nasal Bone

Frontal Bone Injection Site

Coronal Suture BREGMA

Parietal Bone

Sagittal Suture

Interparietal LAMBDA

Bone

Figure 32. Scheme over the procedure of the orthotopic xenograft model. Procedure
and figure adopted from: https://www.jove.com/video/52017/creating-anatomically-
accurate-reproducible intracranial-xenografts

B. Limitations

Working on this project was challenging and we faced several limitations. As a new
project, experiments demanded optimization and thus needed to be conducted several
independent times in order to find the best protocol and to get significant results.
Proteomic analysis would offer thorough information about different players in this
mechanism. However, due to the current situation, samples were shipped to the USA
but are still not processed yet.

On a different note, it would be more representative if we had GBM cell lines from
different genders, as sexual differences would affect the response to treatment. GBM
cell line with different IDH status would uncover if there is any role for IDH in the

mechanism of action of ST1926.
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C. Conclusion

In our study, we examined the anti-tumor effect of ST1926 in GBM both in vitro
and in vivo and investigated its mechanism of action. We showed that ST1926 is a
potent drug that inhibits cellular growth of several GBM cell lines at submicromolar
concentrations with 1Cs values of 0.5 uM, while higher concentrations did not affect
their normal counterparts (De 2020). ST1926 slightly reduced tumor size in GBM
xenograft models without traces of any toxicity in the mouse model. Mechanistically,
ST1926 affects the DNA, induces DSB which leads to elevated yH2AX and inhibits
PARP-mediated DNA repair (Figure 33. A). Furthermore, ST1926 reduces POLA1
levels, which were found to be highly expressed in GBM compared to normal brain
tissues (Figure 33. B). The suggested treatment leads to Go/G; cellcycle arrest and cell
accumulation in the presumably apoptotic sub-G1 phase (Figure 33.C). ST1926-
mediated cell death in GBM cells occurs by inducing a caspase-3 apoptosis,
independently of p53 status.

With our findings and further research, we hope to repurpose ST1926 in clinical

trials for patients with GBM and provide patients with better quality of life and

prolonged lifespan.
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Figure 33. Summary of the mechanism of action of ST1926 in GBM. A: ST1926
induces DSB which leads to elevated levels of yYH2AX. PARP is cleaved and
inactivated in response to ST1926 treatment. B: ST1926 inhibits POLA1 in DNA
synthesis and thus obstructs DNA replication and cell proliferation. C: Inhibition of
POLAL lead to Go/G; cell cycle arrest and cell accumulation in the sub-G1 phase
causing cell cycle arrest and apoptosis in GBM cells.
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